RESEARCH AND DEVELOPMENT

o .VOLUHE. l )

IN SUPPORT OF THE

SURFACE CHEMISTRY BRANCH




—~ r—te—— JER——— [C

_R- - S
VoLume |

RESEARCH .AND DEVEtOPMENT
IN SUPPORT OF THE

SURFACE CHEMISTRY BRANCH

FinaL ReEPORT

PrepARED FoOR
NavaL ReseARCH LABORATORY
4555 Overrook DRive, S.W.
WasHingTON, D.C. 20375-5000 .

UNDER CONTRACT Numer NO0OO14-86-C-2096

PREPARED By
GEO-CENTERS, INC.
‘ 7 WeLLs AVENUE ‘
- Newton Centre, MA 02159

June 1988

=

GEO-CENTERS, INC.

duocwsuea: has bteen sp
v publle reiv-ve ant ming b9 oF
s Con 1» anllumted, VI




’ UNCLASSIFIED - . .o ) L L -
SECURITY CLASSIFICATION OF THIS PAGE o : o - - ’ :

REPORT DOCUMENTATION PAGE . = S

15. REPORT SECURI.YY CLASSIFICATION ) 1b. RESTRICTIVE MARKINGS
.| ONCLASSIFIED. . L PR ¢
2o SECURITY, cussns:cmou AUTHORITY A TR T ocsmmunonmvmwauw OF REPORT :
b e .approved’ .for--public release; -
zb oecussn :omomoowmsm\omc SCHEDULE | -distribution unlimited. _
4. PERFORMING ORGANIZATION- REPORT NUMBER(S) =~ -. S. MONITORING -ORGANIZATION REPORT NUMBER(S)
GC-TR-88-1639 '
62. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL | 7a. NAME OF MONITORING ORGANIZATION
, : (if appticable) S o
- R 3 '
GEO-CENTERS, INC . Code 6170
| 6c. APDRESS (Gty, State, and ZiP Code) T ", | 7b. ADDRESS (City, State, and ZIP Code)

"7 Wells Avenue
Newton Centre, MA 02159

82, MAME OF FUNDING / SPONSORING _ ]ob. OFFICE SYMBOL | 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION ' , (if applicable) o R
Naval Research Laboratory |Code 6170 _Contract Nu =86=C=
8¢c. ADDRESS (City, State, and 2IP Code) 10. SOURCE OF FUNDING NUMBERS
4555 Overlook Avenue, S.W. i PROGRAM - [PROJECT TASK WORK UNIT
Washington, DC 20375-5000 ELEMENT NO. . INO. . . NO. ACCESSION NO. h
1. TITLE (Include Security crassif}cation) . ]
Research and Development in Support of the Surface Chemlstry Branch (U)
12. PERSONAL AUTHOR(S)
D. .Ballantine
13a. TYPE OF REPORY 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) [1S. PAGE COUNT
Final FROM _12/85 10 4/88 June 1988 750
16. SUPPLEMENTARY NOTATION l////",,f,_—-—_—f—-—_.—m_;s\ .
17. COSATI, CODES {18. SUBIECT TERMS (Continue on reverse .if necessary and identify by block number)
FIELD GROUP SUB-GROUP Surface analysis, surface modification and tribo-
* loglcal characterization, chemical microsensors,
air purification and detection elegerochemieal
19. ABSTRACT (Continue on reverse if necessary and identify by binck number) é ] Eﬁ 5 :). ?
GEO~CENTERS, INC. programs in support of the Naval Research LaboXatory :

Surface Chemistry Branch of the Chemistry Division have addressed problems

- dealing with the properties of and chemistry occurring on/at surfaces and

‘interfaces. Of particular interest to the Navy are the pregrams and. advances
scribed below:

Modified ceramic and metal surfaces demonstrated significant improvements
in tribological characteristics such as friction and wear resistance. In
addition to the characterlzatlon ‘and analy51s of these matexlals, a - ~arge
‘materials database was compiled. This information will assist in’ ‘identifying
important factors affecting strcss propagation and tribological verformance,
and will aid in the Jdevelopment of models.. “f) PR

\yontlnued on back of sheet)

20. OISTRIGUTION / AYAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
BuncrassiFreounumiten £ SAME AS RPT. [ OTIC USERS UNCLASSIFIED '
.22a. NAME OF RESPONSIBLE iINDIVIDUAL |, . .-+ . ]21b. TELEPHONE (Include Area Code) | 22¢. OFFICE SYMBOL - - -
Dr. James S. Murdsay .- o {202) 767-~3550 Code 6170 '
et
DD FORM 1473, samar . 83 APR edition may be used until exhausted. SECURITY CLASSIFICATION OF THIS PAGE ,

Al gther editions are obsolefe. UNCLASSIFIED

PR




UNCLASSIFIED .

. |SECURTY, CLASSIFICATION OF THiS PAGE - . " o . o o S

]

18, kinetics and interface chemistry. "
\\ ) ) . )
N & E Ny In chemical microsensors, both SAWs and optical waveguides were

' évaluated with réspect to sensitivity, selectivity, and reproducibil-
ity .~ Application of ‘these sensors -for the -detection of specifir= - "

vapors was demonstrated. A model based on solubility interaction
effectively predicts SAW coating behavior. In the area of decontami-
nation, various charcoal substrates were evaluated, and models were
developed to predict adsorbent behavior and performance.)

. The effects of interfaces on electron transport were investigated.
Instrumentation and software were developed to identi£y9;lectron
transport mechanisms in transition metal complexes: . Such complexes

_will be used as catalysts in the oxidation/redudtion of toxic dis-

solved gases.

..lneounlan Por

NTIS GRARI Vs

DTIC TAB g ”‘/‘*fv.)‘(_
Unannounced 0 -
Justifioation . |

By.

Distribution/

Availability Codes

Aveil and/opr
Dist Special

Al | |

UNCLASSIFIED

SECURITY CLASSIFICATION OF TG 1T GE




A R B KD BN R IE oE S B Oy mm
T it Ot stnards e i N R

G R S Gae

Section

. _TABLE OF CONTENTS

INTRODUCTION « « o o v o b o o v e e e e e e v e .

I. ‘SURFACE MODIFICATION| AND ANALYSIS . . . « « o« « «
Friction/Wear Characterization of

A.

A.

Tribological Mat

1‘
2.
3.

Sur
1.

2.

.

4,

Mic
1.
2.

3.

Air
1.
2.
3.

rials . & ¢« ¢ ¢ ¢ ¢ % . ; .

—f—

Ti-Implanted Engineering SiC and SigzNg : -.
' Carbon and Bpron Implanted Ti-6A1-4V . . .
Other Accomplishments . . . . . . . . . ..

face AnalyseJ and Characterization . . . . .
Tribological| Materials/Superconducting
CeramiCs . |. & v ¢ ¢ ¢ v ¢ o o ¢« o o o o+ a
Surface Modification/Manufacture of

Electronic Devices . . . . . . . . . e e e

Radiation Hard Devices . .. e e e e e
Miscellaneous Program Efforts . . . . .. .

* I1. DETECTION AND DECONTAMINATION . . . . . . . « « o .

rosensors and Chemical Vapor Detection . . .
Optical Sensors . . . . ¢« & ¢ ¢ ¢ o o« s o &

Automated Vapor Gz2neration/Data Acgquisition

Apparatus . . . . . . . . e e e e e e e ..
SAW Device/Coating Evaluation . . . . . . .

Purification and Decontamination . . . . .
Water on Activated Charcoal . . . . . . . .
Adsorption Isotherms for CW-Agents . . . .
Fixed-Bed Adsorptive Reactor . . . . . . .

N oo

10
12
16

.20
21

21

23
24

32
33
34
35




o TABLE OF CONTENTS, cont’d }
‘Section ‘ o S Page

III. SOLUTION ELECTROCHEMISTRY . . . . « « v « = « « « « « . 36
A. Intermodulation Interference Studies (LOCUS) 36

B. Solution Electrochemistry . . . . . . . . . « « + « 36
1. Data Acquisition/Control Software
for CARY 2390 . . . . . . ¢« ¢ ¢ ¢« o ¢« o« « « « . 37
2. Electron Transfer in Trénsition Metal

COMPLEXES . + + « v « « o = o o o o« o « « « « . 38
3. Spectral Analysis of High-T Superconducting

Ceramics . . . ¢ v ¢ ¢ ¢ @ 4« &« & « « « « « « . 40
:J : NMR Results . . . . . . . . . o 4 « ¢« ¢ o o & = « % « o 43

IV. TOXI-LAB STUDIES . . . & . . ¢ v 4 v o ¢ o o o o« « -« « 87
A. Introduction . . . . . . . . . . . ¢ .. . .. . 67

B. ReSUults . . . ¢ ¢ ¢ ¢ ¢ & o« 2 o« o o« o o ¢« « « « - . 68
1. Toxi-Lab A - Basic Drugs . . . « « « =« « « « . 170
2., Toxi-Lab B - Barbiturates . . . . . . . . . . . 72
3. Benzodiazepines . . . . . . i 4 4 4 e s e 0 o« . T2

it — ——

C. Conclusions . . . . v v ¢ &« v o« o o o »

APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX

mo O w >

ii

Y mm——— [N R \nnm————



h

. INTRODUCTION .~~~ T

In support of Naval Research Laboratory (NRL) Contract
Number NOOO14-86-C-2096, GEO-CENTERS has met all technical
requireinents and suamarizes results in this report. During the
period of performance, December 31, 1985 through April 30, 1988, ‘
work was carried ou't at the Naval ‘Research Laboratory in the
Chemistry Divisibn and the Electronics Technology Division. The
majority of this work has subsequently been the subject of
numerous publications, reports and presentations at scientific
meetings. i '

The iridividual research projects in which GEO-CENTERS'
technical staff members have been involved under this contract
can be organized into four general areas, which are described
below. Mora detailéd discussions felating to'p:ogi‘ess and
accomplishments, as ‘well as listings of relevant publicatibns and
presentations, are included in the body of this report.

(1) I,Surface Modification and Analysis. Work' in the
Chemistry Division centered on the modification of metal and

ceramic materials to ‘improve’ the’ tribological pe;:formance of
these materials. Work performed in the Electronics Technolegy -
Division involved the analysis of mcdified materials and surfaces
for use'v in electronic devices. In addition, GEO-CENTER"S-‘
personnél maintained the Chemistry Divisien Cemeca Ion Microscope
__fécility and performed numerous analyses in support of these’

programs.

(2) Detection and Decontamination. The majority of work

has involved <the development and evaluation of detector

1 GEO-CENTERS, INC.
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‘technologies, including optical wave guide sensofs and surface

acoustic wave (SAW) devices. A vapor generation/data acquisition
apparatus was constructed, and detailed data reduction software
was developed and implemented, which significantly increased the
research capabilities of the technical staff. In addition, SAW
device coating responses were analyzed to elucidate vapor/coating
interaction mechanisms.  This information is ‘useful in the
selectibh and design of new coating materials for sbecific
applications. 1In the area of decontamination, the uée of carbon
bed collectors was investigated. Models were developed to
describe the adsorption behavior of activate charcoals and to
identify the affect of Ehanges in ambient conditions, such as
relative humidity, on the adsorption of chemical vapors.

(3) Solution Electrochemistry. One area of particular

interest is the development of electrochemically active
transition metal complexes for the catalytic
conversion/decomposition of dissolved gases, such as CO;. In
support »f this effort, siqgnificant software developments made it
possible to investigate the electron transport kinetics and
mechanisms ¢of a model system. Studies or. transition metal
complexas have produced information which will be useful in the
production of future catalytic systems for use by the Navy. In
conjunction with research personnel from LOCUS, a program to
‘investigate intermodulation interference effects was carried .out.
The results of‘these studies are Aalso discussed briefly, with

sgpporting documentation included under ceparate cover.

(4) Toxi-Lab Studies. The Navy is currently investigating

a number of methodologies which will provide rapid and accurate

evaluation of urine samples for the major classes of drugs of

Sy
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:,;abnse. 'A Although lacking somewhat in sensitivity t0«~some~

analytical procedures, thin layer chromatography ‘has proven to be
extremely practical as a technique for screening a broad spectrum

‘of drugs. As a part of supplementing the capabilities of the

Navy to detectr and quantify illicit drugs, thin layer
chromatography was used to examine samples for the presence of
these substances. The technique of choice involved the
application of a commercially available product called TOXI-LAB,
which is a two-system thin layer‘chromatographic screen for over
250 of commonly prescribed and often abused drugs. The choice of
this product was made because of 1ts relative low cost, speed,
and ability to detect the large number of substances, ‘in an
effort to supplement the detection'capabilities of the Navy Drug
Screening Laboratory (NDSL) in Norfolk, VA. These investigations
were not conducted to determine the efficacy of the technique, or
the quality of this particular product.




‘I. SURFACE MODIFICATION AND ANALYSIS

‘A. Friction/Wear Characterization of Tribological Materials

Modified surfaces are currently being investigated by the
Navy for a variuty of arplications. Of particular interest is
the improved wear and friction properties of materials. GEO-
CENTERS' technical personnel have been involved in both the

preparation of modified surfaces and in the testing and .

evaluation of modified materials during the period of
berformance. Efforts in support of the NRL program have resulted
in over five publications and/or presentations in these areas.

‘ The work'performed in support of this task invclved the
direct preparation, modification and testing of surfaces. Other

work performed by GEO-CENTERS' personnel involving the analysis '

of modified surfaces using the Cameca Ion Microscope and other
surface analytical techniques is described in detail at the end

of this section.

Materials that have been tested tc date include a variety of

Iceramics,‘such as silicon nitride (SigN4), silicon carbide (SiC),

and aluminum oxide (Al,03), as well as silicon crystals, metals
and metal alloys. Surfaces were modified by ion béam enhanced
deposition (IBED), by ion implantation, and by the formation of
surface layers by sputtering (TiN) or by crystal growth (SiC on
Si). These materials were prepared by polishing and other

appropriate tachniques and were subsequently tested using a

variety of methods. Typical testing included evaluation of
hardness (crack propagation), toughness (indentation), stress,
and relative wear resistance (friction/wear, stick-slip, and pin-
on-disk).

$a
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These.materials were implanted or. modified at buth elevated"
temperatures (900°C} and at room temperature. Implantation’

usually was performed until a high dosage level was achieved
The effects of these parameters on the material surface
properties were then determined. Significant resnlts of

investigations on these materials will be discussed in detail
~below. Other significant accomplishments achieved during the
. period of performance will also be presented and discussed.

1. Ti-Implanted Engineered SijzN4 and SiC

Most research in the area of tribological properties of
ceramic materials has focused on singie crystal ceranics.
Engineering ceramics, however, usually include more than one

- phase, such as glasses, sintering agents, or miiling impurities,

which affect‘the surface mechanical properties. Studies were
undertaken at NRL to identify ion implantation treatments that
would improve the surface mechanical properties of these
materials when exposed to an oxidizing environment (1,2).

Titanium ions were implanted tc a high dose (near 50 at. %

‘peakvconcentratiOn) at both room temperature and at 900°C. The

resulting surfaces were then evaluated using Knoop and Vickers

. hardness testers. Implantation at room temper3ature resulted in

softer suriaces, lowering indentation fracture .toughness values
for SigNg by 20%. While the resulting surfaces exhibited lower
indentation fracture toughness, crack propagation was reduced due

-to the closing of cracks and pores in the surface microstructure.

Hot implantation also reduces indentation toughness, but without
the accompanying decrrase in surface hardness. " Both implantad
and non-implanted surfaces became embrittled when exposed to high

temperature under vacuum conditions. XPS studies indicate that

this may be due to a depletion of subsurface oxygen.




\ ThesefSi3N4isémples wefe»further,stﬁdied; Cémbdsitioq vs.
depth profiles were obtained by RBS, a quantitative non-
destructive‘depth profiling techniqué, and microstructures were
examined by TEM and diffraction. Results indicate that Si
concentration was considerably reduced at the Ti peak depth, but
- was enriched near the surface. These rasults were interpreted

using a Si-Ti-N ternary phase diagram (3).

2. Carbon and Boron Iwplanted Ti-6A1-4V

Titanium and engineering alloys of Ti are known for their
poor wear resistance. Improvement in the tribological properties
of these materials has been observed as a result of N*f ion
implantation.‘ Studies performaed at NRL have focused on the use
of two other interstitial implart species, boron and carbon (4).

The titanium beride and titanium carbide surfaces that were
formed as a result of high dose B* and C*' implantation were
" examined for wear resistance and other performance parameters.
Results of surface analysis show tihat the implantation of Ti-6Al-
4V with carbon or boron to a very high dose produces a thick
implanted layer with nearly uniform carbon or boron distribution.
High dosage C* implants produced a continuous TiC layer which
exhibited the largest observed increase in wear resistance of the
implants studied. This C* implant requires less than half the
dose than that required for B*. Even the B' implantation
provided substantial improvement in wear resistance vs. untreated
Ti-6A1-4V. 1In addition, the B* implantatior process produced an
amorphous matrix, which may be beneficial in situations where

corrosion accelerates the wear process.

° GEO-CENTERS, INC.
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- Included in Appendix A .are.. copies of published papers that.
_GEO-CEN*ERS contributed to during the period of performance of
this contract.

f '

3. Other Accomplishments _

In addition to the:preparation, testing and eyaluetion of
sample materials, GEG-CENTERS' personnel have been involved in
other support activities. One of the more significant tasks
involves the development of a materials testing data base. This
data base was produced using Super Calc-4 with the intention of
organizing the large set of existing data into an eesily.
manageable, logically ordered data base. This data base can be
utilized for the rapid retrieval of data (from 1980 to the
present) relating to specific material constants, such as
Hertzian stress, or hardness/fracture information. Such a systemf
will facilitate the interpretation of data and the generation of
‘reports and publications. In addition to the data base, several
spread sheets have been created for the organization and storage
of data. . ‘

Another task in progress invoives the use of XRF and
Michelson Interferometry tofdeternine the coating thickness of
as-deposited and worn MoS, films. XRF data could be used to
'determine the relative percent of film to underlying substrate by
examining the S+Mo(film)/Fe(substrate), Ni (film)/Fe(substrate),
and Mo(film)/Fe(substrate) ratios. For the excitation wavelength
(40 keV at .492 A) the depth of penetration of the X-rays is much
greater than the film thickness. lTherefore, the S+Mo/Fe and
. Mo/Fe ratios are directly proportional to film thickness. The
constant of propOrtionslity was determined from RBS data on MoSj
films.

7 GEO-CENTERS, INC.
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A comparison was made. between worn and as-deposited MoS,
filmg. XRF data indicated a difference between the two films of

[

1.} um. A film thicknéss difference of 1.1 um was also
calculated calculated using MI results. Thus, XRF is a
plausible, non-destructive method for the rapid'detemination of
MoS, film thicknesses.

g

B. Syrface Analyses and Characterization

l GEO-CENTERS' scientists have assisted in the research
efforts of the Navy relating to surface modification and surface

I analysis. The results of effortsv into the determination of
tribological performance characteristics of modified and

! unmodified surfaces have been discussed in detail under the
heading of friction and wear. Some additional analysis of

51 tribological materials will be discussed here.

In addition to the analy‘sis of tribological materials, there

Il has been significant support for ongoing projects in the
electronics Technology Division of NRL, as well as in the areas
N of high temperature superconducting ceramic materials. The
| results of these analyses will also be included in the following
m discussions.
g 1. Tribological Materials/Superconductirig Ceramics’
! In addition to the sample preparation and testing already

- discussed, ‘surface analytical techniques were applied to the
@‘ _ characterization of these surfaces to determine the depth of
species distribution. This information can be used to evaluate

the effectiveness of ion implantation conditions. This data

could also be correlated with microstructures and tribological
%i performance to elucidate implantation/redistribution mechanisms,
I

GEO-CENTERS, INC.
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,zand the resulting wear characteristics of modified surfaces.;duf
Both modified and unmodified surfaces were studied.' Materials of
"interest included ion-implanted iron and steel, stainless steel,
implanted ceramics and chrome-plated nickel.

Other areas of interest to the Navy include high temperature
supercohducting ceramic materials. Current investigations
involve the manufacture of ceramic materials composed of Y, Ba,
Cu, and 0. These materials were evaluated bgth as bulk pellets
and es thin films deposited onto a Al,03 substrate. Surface
analytical rechniques are uSefuib in .identifying relevant
elemental composition and distributions which mayl affect
superconductive properties of these materials.

Analyses were performed using the CAMECA IMS-300 SIMS

" instrument located in the NRL Chemistry Division. Results of

" these studies have been detailed in periodi¢ reports.

Representative titles are listed below. Copies of these reports:
are included in Appendix B, '

- SIMS Analysis of Ti-Implanted Steel and Ceramics

- SIMS Depth Profiling of l3C—Imp1anted Iron

- SIMS Depth Profiling and Imaging Analysis of
Chrome-Plated Nickel Samples .

- 'SIMS Depth Profiling of 304 Stainless. Steel and
Fe/C Steel

- - SIMS Depth Profiling of 3¢, 14N, and 15n-
Implanted Iron

- SIMS Analysis of High Temperature Superconducting
Ceramics .

9 GEO-CENTERS, INC.
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2. surface Modification/Manufacture of Electronic Devices

The Electronic' Technologies Division of NRL (ETD - Code
6800) is involved in the evaluation of a variety of electronic
devices, as well as in investigations of novel methods for the
manufacture of these devices. In support of these efforts, GEO-
CENTERS' scientists have performed numerous surface analyses

. uging the CAMECA SIMS instrument, interferometry techniques,

surface profilometry, and Scanning Auger Microscopy. In some
cases, the sensitivity of the CAMECA IMS-300 was not sufficient
for the analyses to be performed, and samples were sent to the US
Army LABCOM at Ft. Monmouth. The LABCOM facility includes a
CAMECA IMS-3f ion microénalyzer capable of performing iﬁaging

analyses.

Electronic deVices usvally consist_ of semiconductor
materials whose surfaces have beén modified either by ion-
implantation, by the deposition of a doped semiconductor layer,
or by deposition of a different material. Typical semiconductor
substrates jnclude GaAs, GaAlAs, InP, and InSb. . Another
substrate material of particular interest in electronic devices
is Si.

Typical dopants used in the manufacture of these devices
include Be and In. Ion-implantation was performed using As, Be,
B, Mg, and N (in Si). Surface modification can be readily
achieved using molecular beam epitaxy (MBE) for the deposition of

thin layers of material on a substrate. Studies have been

performed to evaluate the effectiveness of alternative methods in
producing high quality electronic devices. Methods such as
organometallic chemical vapor deposition (OM-CVD) or
orgahometallic vapor phase epitaxy (OM-VPE) are potentially
faster and cheaper than MBE.

)
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. _ Ion—lmplantation had been selected as an alternatlve methodiiyf“ :.
for the development of p*/n junction diodes. - The resultan p- '

layer, produced by Be implantation of GaAlAs, had to be shallow
enough and highly doped enough for low sheet resistivity, and had
to possess low leakage for photoconductivity. Suitable devices
were manufactured and tested by NRL personnel in ETD. Surface
analyses were performed by GEO-CENTERS' scientists to verify both
the doping levels and layer thicknesses of the.resulting devices.

A representative list of these and other studies 'is given
below. Copies of internal reports relating to these studies are

included as an Addenda to this report.

- SIMS Analysis of Be-Doped GaAs

- SIMS Analysis of Be Distribution in Thermally
Annealed GaAlAs :

- SIMS Analysis of Be Distribution in Be Implanted
GaAlAs

- ' SIMS Analysis- of Be Distribution in as-Implanted
GaAlAs .

- SIMS Analysis of B—Implanted InP and B and- As-'
Implanted Si

- SIMS Analysis of In-Doped GaAs

- Results of Imaging Analysis of InP Substrate by US
Army LAB-COM, Ft. Monmouth -

- SIMS Analysis of Mg Distribution in Mg-)mplanted
GaAs

- Determination of As Detection Limit in Si

11
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- sIMS Analysis of 'SiC Films on Si
- SIMS Analysis of As Distributed in As- Implanted Si

- SIMS Analysis of Be Distribution in MBE Grown InSb
Films
- SIMS Analysis of Chemically Etched GaAs Films on
' GaAlAs

- SIMS Analysis of N-Implanted Si shbstrates

- 3canning Auger Imaging Analysis of As in InP

- SIMS Analysis of Boron Implanted Silicon

- SIMS Analysis of Be and Si Distribution’ in GaAs

- SIMS‘Analysis of Be Distribution in astrown InSb
Films

3. Radiation Hard Devices 4
Another application for modified surfaces is in the
manufacture of "radiation hard" devices. 'The material of
greatest interest 1s silicon grown on sapphire (SO0S). The
analytical technique used in the diagnostic evaluation of this
material is the transmission electron microscope (TEM). '

In the process of growing S0S films, crystal defects occur
which affect the quality and characteristics of the resulting
films. One such defect, called microtwinning, plays an important
role in accommodating stresses that accompany the growfh of SOS
films. During the contract period, GEO-CENTERS® personnel have
studied SO0OS fi}ms by TEM to determine micrctwin densities and
“hbrphologies in films grown by chemical vapor deposition (CVD)
and by molecular beam epitaxy (MBE). In addition, the effects of

annealing temperatures and growth temperatures on the quality of

12
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l """ significant results of these investigations are included below.

a. Microtwin Morphology and Density for SOS. Despite the
importance of microtwins in SOS growth, few investigations have.
addreséed their actual mdrphology. ‘Some previéus studies have
relied on TEM of cross-section TEM samples (XTEM). | The XTEM
geometry is useful for studying the silicon/sapphire interface,
and for obtaining a qualitative estimate of defect density as a

function of distance from the interface. It is difficult,

most microtwins imaged in these samples are artificially
terminated by the sample preparation process. In other studies,

l- : however, to assess microtwin morphology in an XTEM sample because
I . plan view TEM (PVTEM) was used for determining microtwin density
'] profiles in SOS, but density measurements were not associated
wjith microtwin morphology. Work performed during the period of
performance has focused on a quantitative determination of the

'] morphology- and volume fraction of microtwin defects, rather than
simply on the number of defects per unit volume (1). The volume

! ’ ' fraction is a particularly useful quantity for describing crystal
perfection in SGCS. By obtaining a geometric description of

ll microtwins in a given sample, the volume fraction can be
measured. Most of the details of microtwin morphology can be

l" obtained from dark field (DF) images of PVTEM samples. In
| addition, stereo-imaging of PVTEM samples in DF.can be used to
ii provide details of microtwin morpholegy that are not always

..evident in a two-dimensional micrograph.

i | Several interesting observations were made as a result of
these studies. The microtwin volume “raction does not appear .to
lJ be greatest at the silicon/sapphire interface. Rather, the

7
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';'density 1s greatest about 100. A. from the interface.v ;.While .

miﬂrotwin density does not drop significantly below the.interface

‘value for distances up to 1000 A, the volume of individual

microtwins increases markedly over the first several hundred
angstroms, increasing the volume fraction of these defects.
Also,, the PVTEM observations indicate that the microtwins are
heavily faceted and grow from nucleation sites at the interface.

b. Structure of SOS Thin Films Grown by MBB. The micro-
structure of SOS films grown by CVD has been widely studied.
These films are known to be extremely defective, with the
predominant defect' being microtwins. As-grown MBE SOS films
appear to be superior to CVD SOS films, but little work has been
performed addressing the nature of defects in the MBE-grown
films. By applying TEM to the analysis of MBE films, GEO-
CENTERS' personnel have studied these defects in MBE grown SOS
films (2). |

Sapphire substrates were subjected to annealing treatment at
900°C in ultra-high wvacuum. Films of 150 A thick silicon were

.grown at both 750°C and at 900°C. On this second substrate, an

additional 2500 A of silicon was grown at 750°C. At 900°C, the
silicon films grew as islands with either the (00l1) or the (110)
planes parallel to the (1012) plane. As is true for CVD-grown
SOS, most of the silicon grows as (001) rather than as (110).
By following the initial 150 A with 2500A grown at 750°C, a

..continuous (001) film was grown in which microtwins appeared to

be the predominant defect. Twinning activity in the MBE-grown

S0S follows substrate orientation in the same way as CVD-grown

© S0S.
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thermal annealing (RA) has been shown to substantlally improve
the crystalline quality of as-grown ‘CVD S0S. To understand this
material improvement, the effects of maximum RA on crystalline

‘quality of the silicon epilayer was studied (3). Dramatic

improvements in crystalline quality occur . even at the lowest RA
studied (1160°C). At the highest annealing temperature (1320°C)

crystalline quality at the surface is similar to that of bulk
silicon. At these annealing temperatures, only a few microtwins
extend toward the surface, and defect microstrucfgre in the
region of fhe‘ silicon/sapphire interface is substantially
reduced. Defect elimination ¢an be explained in  .terms of the

motion of the incoherent boundaries of the microtwins.

In other studies, the effect of pre-deposition substrate
annealing was investigated for MBE-grown SOS films (4). 'Both the
annealing temperature and the growth temperature were found to
have a marked effect on the quality oﬁl MBE grown SOS. on
substrates annealed at 900°C, (001) oriented silicon islands will
grow at 900°C but not at a growth temperature of 750°C. At this
lewer temberature, the islands are randomly oriented and
unsuitable as growth sites for good device material. When the
substrate is annealed at. 1450°C prior to growth, well oriented
islands do grow at 750°C. This is significant since SOS grown at
lower temperatures may show less damage due,to thermal stresses
that develop as the deposited film is brought down to room

_temperature. This problem is particularly great for SOS films

because the thermal expansion coefficient for sapphire is twice
that of silicon.

15 - GEO-CENTERS, INC.
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- S Miscellaneous Program Efforts

‘ Additional studies performed in support of Navy programs
include the analysis of Mg-flare powders for NWSC in Crane,
Indiana. Problems had arisen from the fact that some samples of
Mg-flare Powder were difficult to ignite and did not exhibit the
desired combustion behavior, even though they satisfied current

”procu:ement specifications.

As a result of surface analyses performed by GEO-CENTERS'

personnel, the cause of failure was determined. It is believed

that failure was due to the formation of an excessively thick .

oxide or hydroxide coating which passivated the surface. The
nature of this coating was identified using X-~Ray Photcelectron
Speotroscopy. Based on the results 92f these analyses,
procurement specifications could be appropriately modified to
avoid the purchase of "bad" Mg-flare powders. l

. Other efforts include the design and construction of a time-
of-flight (TOF) SIMS instrument for use by NRL Chemistry
Division personnel. The TOF SIMS has several advantages relative
to the CAMECA IMS-300. Among these advantages are:

- higher sensitivity (nearly 4 orders of magnitude)

- higher mass range (potential detection of 5000 amu
fragments) .

- the ability to defect neutral as w21l as ionic

species.
This instrument will significantly increase the analytical

capabilities of the Chemistry Division. As of the end of the
period of performance of this contract, the instruhent was fully

16




~
-~

f .bpéfatidnal and’ being used fo:ffsupborf;fof"éé&étal research’ |

efforts.

a. Other Accompiishments. In collaboration with NBS, NRL
scientists and GEO-CENTERS' personnel are in the process of

calibrating and analyzing the electron optics of the Philips 430 -

TEM at NBS. They identified a vibration problem, which has since
been remedied. ' Reduction of this vibration has improved the
resolution of the instruyment, and it is being evaluated for
potential use in future investigation§. '

GEO-CENTERS' personnel have also been successful in adaSting
image-simulation programs for the electron microscope to run on
the ﬁRL Cray computer. These programs can be used in current and
future efforts. Other.current efforts include TEM studies on
device materials grown via the silicon implaﬁted oxygen (SIMOX)
process.
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II. DETECTION AND DECONTAMINATION

A. Microsensors and Chemical Vapor Detection

The Navy has a growing interest in the use of microsensors
as chemical vapor detectors, specifically as personnel and system
monitors, detector/alarm systems for hazardous materials, and for

bilological diagnostics. Microsensors are particularly attractive
for many of these applications because <f their potential
sensitivity, ruggedness and 1low cost. During' the period of
performance, GEO-CENTERS personnel have made sign{ficant advances
and contributions in the area of chemical microsensor testing and
evaluation. Specific advances include the d;&elopment -of a
reliavle and reproducible optical waveguide humidity sensor, the
construction and calibration of an automated v;apor generation
apparatus for microsensor testing, and the ielucidation of
vapor/coating interaction mechanisms that atfect nicrosensor
response. Additional efforts have involved he' further
evaluation of the optical waveguide, the evaluation of several
coating materials as SAW sensor coatings, the geperation of SAW
sensor coatings, the generation of SAW sensor resﬁonse data bases
for use in the development of pattern recognitionialgorithms, and
the development of data collection/data reductxon software to
facilitate the interpretatlon of SAW response data

|
Work performed in these areas has resultedgin at least 13
presentations and 11 publications and technicalgreports. One
“ppblication was cited with a 1986 Alan Berman Award for Applied
Research. Included in Appendix C are copies of téchnical reports
and published papers which were generated as a re%uit of the work
' conducted during the period of performance of this contract.
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K R Optlcal Sensors '

Optics-based sensors have been studied because of the 4
inherent sensitivity -and select:l,vity of spectroscopic methods of
.analysis. The response of these sensors are also less sensitive
to changes in the ambient conditions, such as temperature and
pressure, than their electronics-based counterparts. The major
problem to date in developing a reliable optical waveguide sensor
was the leck of reptoducibility. A

' Réeproducibility problems most likely arise from two sources:
' variations in the coatings applied to the devices, and the
inability to obtain optimum alignment of the waveguide an"d the
optieal components. ‘Boi:h of these broblems were addressed in the ‘
. course of deve;oping and, evaluating an optical waveguide humidity
detecfor (1). Plastic couplers were designed that held the
waveguides and optical components in a rigid, reproducible
alignment. This resulted in better reproducibility of response
for the waveguide detector.. In addifion, the use of plastic
couplers increased the amount of light transmitted to and 'from
the waveguide, resulting in increased sensitivity. Several
coating application methods were then evaluated for their affect
on response: dip-coating, and air-b—ush application.

In dip-coating, a device 15 dipped into a, teagent/polyme_t
solution and is slowly extracted. As the solvent is evaporated
(using a heat gux{), a thin polymer film containing the reagent
remains on the surface. | In general, dip-coating resulted in
”i‘:hicker, less uniform films which contained areas of high reagent
concentration. ' In air-brushing, a fine aerosol spray is
generated and deposited on the surface of the waveguide. -_'rhis
.technique allews f‘of greater control. during film application.
These films ,were' usually thinner and more uniformly distributed.
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’ Q§aht1fativelYL thé‘résponsg:Qéé'glightly dépénden;-ééﬂthé;ahOQnt hfv
ofireagent.iﬁ the film, but results for films of both- types were
comparable. Qualitatively, the thinner films applied using the
air-brush exhibited much faster response times. :
Further evaluations of the optical waveguide sensor were
performed (2). These studies were conducted to verify the
performance of the system and to elucidate the relationship
between the solubility parameter (6y) of the polymer coating and
‘the response of the waveguide to'speqific vapors. In this study,
no colorimetric reagents were incorporatéd in the {ilms.
Responseé of the devices were due primarily to changes in the
amount of scattering, or changes in the refractive index of the

polymer upon exposure to vapors.

The resﬁlts indicate good long-tefm reproducibility of a
given device, but poor reproducibility between multiple devices
‘with the same coating. This indicates that, for non-colorimetric
measuréments, the morphology of the polymer coating on the
wavegride surface is an important factor. Responses of coating
devices are semi-selective, but selectivity has not been
unequivocally correlated with GH. As in the humidity study, the
use of optical couplers with the polymer - coated waveguide
resulted in iﬁcreased sensitivity by increasing the transmission

-

of light to and from the waveguide.

These studies have shown that the waveguide has the
potential for use as a reliable, reproducible sensor. Further
evaluation of the mechanisms involved in non-colorimetric
applications are needed bufore the device can be fully utilized

for such applications.

=]
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© - The multiple 'vapor ‘exposures neécessary -for thé testing and
evaluation of coating materials make such testing labof intensive
and time consumixig. The data bases needed for the development of
pattern recognition algorithms demand large volumes of reduced
data. To aid in the generation of such large data bases, an
automated system was neeéed for the continuous testing of coated
sensors. With' the assisfance of GEO-CENTERS personnel, such a
system has been designed and constructed (3). The system
consists of two mod_ula;r vépor 'éburces, and é master/dilution
control inodule.‘. IVap'o:L‘s can be genei‘afed from either permeation
ltubes, or bubblers in concentratians ranging <1 mG/M3 (permeation
‘tubes) to > 10,000 mG/M3 (bubblers). Vapor streams for 12
diffgrent vapors can be'individuall'y generated and sent to the
sensor at a pre-programmed flow rat'e. . Two component vapor
mixtures can also be generated. '

The system is'fully automated using two Apple '1le personal’
computers. One computer is dedicated to managing the 'vapor
generator apparatus, while 'the-‘ ofher computer controls the real-
time sensor data collection and data-file storage duties.. The
tw;vo ~ computers communicate via a game-controller port
comunication‘s linkage to éynchronize the vapor generation and
data acquisition tasks. Parameters for controlling the vapor
sourcé and concentration can be pre-selected and stored on
floppy disk. While the system is fully opération’al, more than
sixty-four separate experiments can be run sequentially. This is
“equivalent to over 96 hours of unattended operations. By
éxpandind the number of frequency-counters, up to five sensors

can be tested simultaneously.

%i o
.xh .+
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, Initially,. the number of experiments was limxted by thepp
'number of date files that could be stored on floppy disk.
Incorporation of a 10 M-byte hard disk in the system enabled us
to increase our data storage capability, and to separate the data
collection software from the data reduction software. The hard

disk can currently be accessed from a separate micro-computer
connected to the network. Data files stored on the hard disk can
be systematically retrieved and reduced. This facilitates the

rapid turn around of data for other projects (i.e. pattern

recognition) and aids in the interpretation of data.

The data reduction software also routinely determine-such
sensor operating conditions as baseline rms noise, initial
frequency, long-term drift, and initial and final flow rate to
the sensor. These values can be useful in interpreting results
and diagnosing problems with individual sensors. In addition,
the frequency shifts associated with individual vapor exposures
are calculated, calibration curves are plotted for visual
inspection of data, and response factors (log R, are calculated

'~ and tabulated for rapid comparison and evaluation of coatings.

More details on the log R are included in the discussion of SAW
coating studies below.

3. SAW Device/Coating Evaluations
During the period of performance, GEO-CENTERS personnel‘have
performed extensive coating testing and evaluation. The majority

_of data have been collected in attempts to identify and quantify

the vapor/coatfng solubility interactions which are responsible
for observed responses. Other areas of study have included
coating structure/response correlations, investigations  of
possible elastic modulus effects, and the identification/

‘evaluation of new coatings for the detection of specific

24 GEO-CENTERS, INC.




-

-~
-

¥ Woraraous vapors, | frovress fn thesé aress wiil He asschsssa
' separately. ‘ - R o

a. Solubility Interactions

The most significant progress during these studies has come
in the identification of vapor/coating solubility interactions.
The initial inteqt of the prcocgram was to identify coating
materials for the detection of G-agents. Preliminary tests using
a simulant (dimethyl, methylphosphonate - DMMP) had identified
some Imaterials that would be potentially sensitive to these
chemical agents. Additional vapor”exposures'were perforqed to
determine the selectivity of these materials for the simulant vs
a variety of interferences and to estimate the 1limits of
detectability. Thé response data from these tests would then be
analyzed using patterh recognition techniques. Pattern
recognitior. would be useful in determining the minimum number of
coatings thaf would be 6eeded tO'cbrrectly classify a given vapor
as an interference|or as an agent/simulant.

A set of tﬂn coatings were studied and the frequency
responses for these sensors were monitored as the devices were
exposed to varying|concentrations of twelve vapors. The majority
of these coatings exhibited excellent sensitivity to the
simulants DMMP and dimethylacetamide (DMAC), and were less

sensitive to the interferences. When pattern recognition

techniques were applied to these data, the vapor responses tended

_ to cluster together based on their solubility properties (4). In
addition, the pre enée of hydrogen bonding functional groups in

~ the chemical structures of the coatings correlated well with the |
.responsés_of thesé coatings to water vapor and other hydrogen ..
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__bonding vapors. ': Reduction ‘of thls data set by pattern_
:recognxtion revealed that excellent dlscrimination ‘between

simulants and interferences was achievable with a reduced set of
four coafings. These coatings were identified as fluoropolyol
(FPOL), poly(ethylene maleate) (PEM), poly(vinyl pyrrolidone)
(PVP), and octacedyl vinyl. ether/maleic anhydride copolymer
, (OVEMAC). 3

The results of this study indicated *he correlation between
structural features and the hydrogen bonding ability of the
coatings, and identified hydrogen bonding ‘as an important
mechanism in the vapor/coating interactions. Subsequent work has
focused on exploring the issues of solubility properties and

structural effects.

To quantify the vapor/coating interactions, the SAW
responses for a given coating (FPOL) were compared with the
retention volume data for the same material used as a stationary
phase in gas-liquid chromatography (GLC). The assumptions
inherent in this work are as follows: First, the vapor/coating
interactions can be modelied as the dissolution of a solute vapor
in a solvent coating. Tﬁe extent of such interactions are
determined by snlubility properties such as hydrogen bonding,
dipole-dipole interactions and dispersion forces.
Quantitatively, these interactions can be described by a

partition coefficient, K, where
K = C4/C,,.

The terms Cg; and C,, refer to .the concentrations of the solute
vapor in the stationary phase/coating material and the gaseous

26
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phase,.respectively.; The derivations of equations relating SAwhiiffg“
© responses ‘and GLC retention volumes to partition coefficients are
" described in detail in reference (5). ‘ " ‘

The second assumption was that the observed SAW response are
due only to changes in mass on the surface of the device.
Contribution to the observed response from changes in the elastic
modulus of the coating were considered to be minimal or
negligible. 1In addition, the -total amount of vapor absorbed by
the coating should be relatively small compared to the mass of
the coating. If significantly large amounts of vapor are
absorbed, changes in the density of the coating Qould occurinhich
would affect the accuracy of calculated K values. '

In general, the comparison betwi:en K values calculated from
SAW data and from GLC data reveals a similar trend. Quantitative.
agreement between the two sets of data are not good, with the K
values from SAW data being consistently higher. Hydrogen bonding
is associated with strong interactions and large K values, while
dispersion forces are associated with weak interactions and .
‘smaller K values. Vapoxs and coatings capable of multiple
interactions showed higher K values overall.  The relatively good
qualitative agreement however, is significant. It emphasizes
the role of solubility interactions in SAW coating responses, and
indicates that GLC data from the literature can be used as a- good
first approximation to predict the SAW response behavior of a

. coating material.

. While the agreement was qualitatively good, the lack of good
. Quantitative agreement indicates that more. work remains to  be
done before the mechanisms responsible for SAW response are fully’

=
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underStood,.;Efror.a:iées ffom ﬁhé 1agk_of a¢éﬁréte“temperatufé
control and from possible variatibns in the cbnceﬁfration of thé
vapor streams. In addition, the assumption that mechanical
effects are negligible may not be strictly wvalid. To further
determine the relative magnitude of errors due to these factors,

~ additional studies were performed.

b. Temperature Effects

Temperature studies were performéd on two coatings, FPOL and
PEM. Since equilibrium partition coefficients are dependent on
the femperature‘bf the system, then'the respohse of the épated
SAWs should also change as a function of temperature. Results of
these studies indicated a linear‘dependence of Kgaw values on
temberature, with higher responses being observed at lower
temperatures'(6). Furthermore, the slope of the temperature/K
value plots were different for the two coatings. Two conclusions
can be_ derived from these data. First, the sensitivity of the
SAW device can be improved by operating the devices at lower
temperatures. The‘potential of condensation of vapors in the
sensor may pose problems if the temperature is reduced
significantly below ambient and if the relative humidity is high.
Secondly, since the rate of change of K with tempe;ature.varies
for each coating/vapor pair, operating sensor arrays at more than
one temperature will yield more information than operation at
only one temperature. This information can be used in' the
development of disc:imination algorithms for pattern recognition.
c. Elastié Modulus

Investigations intob the contributions from mechanicai
effecfs,were proﬁpted by observed frequency responses from dual
SAW devices that were inconsistent with the assumption that mass

e
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“floading was the predominant mechanism for' producing frequencyﬂ,c,:h,,

shifts. The appeacance ‘of negative frequency shifts from the

dual devices could only be explained by either increases in the

frequency due to a stiffening of the film, or by a larger amount
of adsorption on the uncoated reference side than on the coated
side of the device.

Uncoated devices that had been ultrasonically cleaned were
exposed to vapor streams of varying concentrations. These tests
indicated that there was a significant amount of adsorption on

the reference side of the device, and that the amount of

adsorption was not consistent from one device to another‘(7).
These devices also exhibited some sensitivity to flow rate
changes, .but when operated in the dual mode these effects were
negligible. Efforts to circumvent problems from adsorption on
the reference side by passivation or treatment of the surface of
the crystal are in progress. o ‘

Studies have also been performed in conjunction with the
Electronics Technology Division of NRL to study the possibility
of elastic modulus effects. Coated devices were analyzed using a
HP Network Analyzer to determine insertion losses and phase

shifts (7). Of the coetings studied, one appeared to be fairly

stable in terms of phase shift and insertion  losses over time.
One of the coatings, however, exhibited increases in insertion
losses and decreases in the phase shifts over time. Decreases in
the phase shift could be the result of a stiffening of the film
or of losses of material from the surface due to evaporation.
The fact that the insertion losses increased may be indicative of
changes in the mechanical properties of this coating over time.

Wﬁ
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a. Structure/Response Studies"i. )
' A set of experiments ‘were designed in an attempt to 1dent1fy
the relationship between specific functional groups or structural
features and observed solubility properties. A series of 10
polymers were synthesized, with each polymer representing slight
variations on the structure of the coating’REM. These coatings
were then exposed to vapor tests and the responses were analyzed
for possible correlation with speqific structural features (8).
Results of this study indicated that the coating responses were
more dependent on changes in the chemical formula/structure of
the coatings than in physical parameters such as the Hildenbrand
solubillty parameter, density, g' or molecular welght/chaxn
length. Without a more controlled set of experiments and more
rigorous data reduction and analysis (such as pdttern
recognition), no definite correlations c¢ould be made between
observed responses and sbecific functional groups or structural

features..

e. Sensitivity, Selectivity and Reproducibility

During the period of performance, several large data sets’
were collected. Resﬁlfs from these studies can be used to
evaluate the SAW sensors with respect to. the issues of
sensitivity, selectivity and reproducibility. These efforts
‘included a coordinated study between the Army/CRDEC at Aberdeen
and NRL (9), and between NRL and Bendix/ESD in Baltimore (10.).

o The issue of sensitivity is of particular importance to the
Air Force because of pfoblems afising from myosis at very low
concentrations of agent. We have identified several candidate
coatings during these studies that have excellent sensitivity to
agent simulants (DMMP and DMAC). Concurrent live agent testing
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' at_ CRDEC, and  subsequently at Bendix, have verified that these
xééatihgs-are also sensitive to égeﬁﬁ,valthough.not at the desired
limits of detection. As a result of the‘knOwledge gained from
the work on solukility interactions if should now be possible to
design or identify materials with a higher sensitivity to these

" materials. Alternatively, operation of the sensor. at a lower
temperature will also increase the sensitivity of response. In
conjunction with pattern recognition. algorithms, an array bof'
sensors can. be developed with the required detection
capabilities. In addition, -progress has been made in the
identification of coating materials that are sensitive to mustard

and other compounds.

Selectivity of the agent sensitive coatings hasjbeen very

good. During this work, materials have been identified that

- would be seléctive to specific interference. Again, the use of

pattern recognition algorithms will enhance the selective
detection of targeted compounds.

Reproducibility is crucial if these devices are to be mass
produced and put into operation service-wide. To date, the best
results have been obtained with FPCL. It is very reproducible in
all respects. Response behavior can be reproduced from one
coated device to another, these responses can be reproduced
during tests at different facilities, and these résponses can be
reproduced even after the devices have aged up to a year at a

_time. Other coatings have not been as well behaved. While it
has been possible to obtain consiStent’response behavior between
different labs and over timé, it has been very difficult to
reproduce response behavior from one coated device to another..

In some cases, this is due to changes in the property of the
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?j coatgﬁé.as:it'ages,AJIn‘chef cases,,;t may»bé duéfto diffgfeh¢es.
in the morphology of the coating or surface area of the coating

on-a given device.

This lack of reproducibility is particularly a problem in
devices coated with non-sensitive materials. Since adsorption on
‘the uncoated reference side can be significant in :hese cases}
the use of a passivated reference, or a sepafate, sealed
reference may eliminate this problem. If the probiom is due to
elastic modulus effects, then the surface coverage on the device
and the surface morphology of thé coating will be crupial.
Coating applications must be made in a reproducible fashion to

eliminate variations in response arising from these factors.

B. Air Purification and Decontamination

The majority of Navy applications using adsorbent media
involve the purification and regeneration of contaminated air
streams. The adsorbent of choice is generally activated
charcoal, or an impregnated charcoal medium, such as Whetlerite.
Past GEO-CENTERS' effort have focused on the desorption of small
molecules (05, Nz,‘co, and COZ) from activated charcoals (1), as
well as the use of impregnated charcoals for the collection and
catalytic decomposition of toxic vapors (2), and the evaluation
of Navy shipboard environments (3). For the purpose of
purification of air streams several factors must be considered.
The collection efficiency and adsorption isotherm of the charcoal

_for a given vapor must be well characterized so that breakthrough

volumes and, hence, the 1lifetime of a carbton bed can be
accurately determined. The effect of adsorbed water, or of
relative humidity (RH) on efficiency and breakthrough must also
be known. Finally, factors such as heat of adsorption, pore

TN ’
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multicomponent vapor streams must be addressed.

s

|
,volume distributions and hysteres.is effects for both pure and

During the period of performance, considerable effort has
been applied to address these concerns. GEO-CENTERS' scientists
have investigated the adsorption 'properties of activated carbon
adsorbents with respect to the factors listed  above, and have
developed mathematical equations and models to predict the
‘adsorption behavior of water, chemical agents, - and
multicomponent vapor streams on charcoal. ';‘hese models can be
used to predict the adsorption characteristics' of charcoal for
other vapors of interest. Tne specific studies of interest are
discuesed below. ' ' ' '

1. Water on Activated Carbon . '

It is important to understand the behavior. of water for two
reasons: (1) it can adversely affect ‘filter performance against
challenges of toxic vapors, and (2) the transient bebavior of
water itself can result in adverse behavior. Durirx§ this work,
water isotherms were measured for:G BPL carbon at various
temperatures and conditions of relative humidity. The adsorption
onto "a bed can be described in terms of a material balance
equation, an energy balance equation, and a rate. expression. The
rate expression describes the rate at which the material of

" interest is transferred from a passing vapor stream to- the
surface of the carbon. It'was found that the water isotherm has

. both favorable and unfavorable regions. The most unfavorable
region occurs between 0% and 50% RH.

The mathematical model developed _could adequately describe
the adsorption and desorption behavior of the bed as a function:

=
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-:uof#ﬂ;émpe:aﬁure _and ambient RH. It was also noted that
- significant heating of the bed occurred as a result of water
adsorption (4). L o |

In other studies, the water vapor equilibria on a variety of
activated carbons was used toc obtain an understanding of the
capacity and temperature dependence of adsorption. Capillary
condensation was found to be primarily responsible for adsorption
of water by activated carbon. This condensation produces a
hysteresis effect, which can be used to determine the pore volume
distribution from the Kelvin equation. It was found that water
vapor adsorption could be used in lieu of nitrogen adsorpiion,
since the former provides valuable phase equilibria data as well
as a means of characterizing pore volume distributioné (5).

2. Adsorption Isotherms for CW-Agents

Adsorption phase equilibrium relationships are required to
accurately predict the performance of carbon filters designed to
protect personnel from exposure to toxic vapors. Experimentally
determinad isotherm data for both single and multicomponent vapor
streams are needed to design reliable protection systems.
Results of studies by GEO-CENTERS' scientists indicate that
empirical equations can be used to describe these isotherms.
These equatibns have the advantage of facilitating reliable
extrapolation to conditions outside the ranges of partial
pressure and temperature explored experimentally. At low partial
_pressures, these equations converge to Henry's Law, while at high
partial pressures they approximate Antoine's vapor pressure
equations. Valves of the coefficients for these equations have
been determined for the chemical agents cyanogen chlocide (CK),
phosgene (CG) and hydrogen cyanide (AC) (6).
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3. .. Fixed Bed Absorptive Reactor

Also of interest to the Navy is the use of 1mpregnated
carbon " materials for the adsorption and catalytic decomposition

. of toxic vapors. The use of a fixed-bed reactor for the

degradation of Cw-agents'was explored by GEO-CENTERS' scientist.
The fixed-bed reactor consisted of a cylindrical bed of activated
carbon treated with reactive metal salts (Whetlerite). Models

developed to describe the reactor behavior include both an

external mass transfer resistance term to account for relatively
low effluent concentrations, as well as an internal mass transfer
resistance term since the Teaction takes place in the adsorbedA

phase. This model can be used to predict breakthrough times as a
function of bed depth and velocity (7).

Appendix D contains the results of the work~coﬁduc;ed on
this task during the period. of performance on this contract.

=
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- III. SOLUTION ELECTROCHEMISTRY .

GEO-CENTERS' has been involved in the investigation of
corrosion and catalysis related problems of concern to the Navy,
both through the direct research efforts of the Company's
scientific and technical staff, or in conjunction with the
efforts of LOCUS, Inc. Problems dealing with inter-modulation
interference (IMI) were addressed by LOCUS personnel and will be
discussed separately. The discussion that follows deals with the
efforts of scientists and technicians of GEO-CENTERS personnel
working in the Chemistry Division of NRL. '

A. Intermodulation Interference Studies (LOCUS)
The results of this work are presented in their entirety in
Part III of this final report, which is provided under separate

cover.

B. Solution Electrochemistry

The majority of work required for the completion of the
above tasks involved extensive spectrophotometric investigations
using the CARY 2390 UV-Vis-NIR Spectrophotometer. The
capabilities of the instrument, however, were not sufficient to
perform the required analyses with the necessary resolution and
sensitivity. Specifically, specialized spectrum
addition/subtraction routines were necessary to identify “the
intervalence transfer bands of the intermediate transition metal
complexes under study. This task was further complicated by the
presence of spectral features from both the starting materials
and final products. Also, the implementation of digital data
acquisition capabilities could be exploited to sfudy electronic

spectra of superconductor materials of interest to the Navy.




L 4

| Details. of these studies, as well as discussion of thé software. _ : |
' enhancements of the Cary 2390 are presented below. A detailed

description of the program is included in Appendix E.

1. Data Acquisition/Control Software for CARY 2390

The CARY 2300 and 2400 series spectrophotometers are high -
quality, microprocessor controlled analytical instruments
intended for measurements of the UV-visible and Near IR:
absorption spectra of solids, liquids," and gases. When equipped
with an optional IEEE-488 standard interface these instruments
and their accessories are programmai:le' by an external computer
enabling acquisition of spectral vmeasurem'ents in digital 'form.
During the period of performance, GEO-CENTERS researchers
developed and tested a FORTRAN 77 program designed for single
scan acquisition of spectra from the CARY 2390 instrument using a
Hewlett-Packard mix}icomputer running the multi-user CI shell and
RTE~-6/VM operating system. The program uses very few machine
specific functions and could be modifiea easily to run on other

‘host systems supporting the I1EEE-488 interface standard.

The program implements a large subset of ' the programmable
instrument control. functions of the CARY 2300 in a menu driven
format closely resembling the' menu displays on' the instrument.

" Therefore, no special training is requii‘ed -for users already

familiar with operation of the instrument. The control functions
implemented reproduce the facilities of the spectrophotometer's

_instrument Settings, Baseline Setup, Lamp and Detector Modes and

Accessory Setup menus, as well as a number of s'ingle keypad
functions. To make the program as user friendly as possible,
full error trapping of keyboard entries has been implemented.

.
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'rhe collection of spectrophotometric data in dig:.tized for:m .
provides both a permanent means of storage and the. ability tov
perform more sophisticated analysis. While the instrument
obtains spectral measurements as absorbance vs. uaveleogth (nm),
plotting programs Can rescale the raw data into more meaningful'
units such as molar absorptivity vs. wavenumber (cm” l).
Techniques such as difference spectroscopy no longer need to be
performed in real time since data files can be manipulated
easily to achieve this function by scaliﬁg and subtraction..
. Noise can be used to §enerate derivative spectra'uhioh are more
accurate than those produced in real‘time by the CARY 2300-2400
series spectrophotometers on their internal pen recorders.~ Such
benefits make it worthwhile to develop software for data
transfer between the CARY spectrophotometer and an exte;nal

computer system.

In addition to the previously detailed capabilities, the
program will also permit the plotting of first and second
derivative spectra, correction and editing of data file
parameters and spectral data, and quartic polynomial least square
curve smoothing to remove random noise from spectrum. A full
explanation of the program capabilities, as well as the source
code for the program and subroutines, is included in Appendix E.
2. Electron Transfer in Transition Metal Complexes

Because of the Navy's interest in homogeneous catalysis for
.the activation of small molecules, the kinetics and mechanisms of

electron transfer and ligand exchange in transition metal
complexes has been under study. Enhancements to the CARY 2390
spectrophotometer have enabled GEQ-CENTERS' scientists to study
the spectral features of these reaction intermediates, thereby

’8 GEO-CENTERS, INC.
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‘elicidating the electron transfer mechanisms. The mode system
studied to confirm the mechanism of electron franSfer of these
complexes was a monoformylated Ru(III) coniplex. This complex was
reacted with Ti(III), and the spectra of starting materials,

products and intermediates were to be obtained.

The presence of the monoformylated-acac ligand in the
Ru(IIl) complex was believed to increase the rate of electron
transfer. The overall reaction involved is given below.

Ti(III) + Ru(III) ----- > Ti(IV) + Ru(II)

In the presence of oxygen, this reaction can be cycled
repeatedly.

The specialized spectrum addition/subtraction capabilitieé
of the CARY 2390 could be utilized to identify intervalence
transfer bands of the Ti-ligand-Ru species, a labile intermediate
- in the reaction between the Ti(III) and Ru(acac)z(S—CHO-acac)
species. This task is normally complicated by the spectral
features from both starting materials ana final products.

From purified Ru(acac)j, the monoforﬁylated complex was
synthesized following published syntheses.. As published, the
synthesis has a vefy low expected yield (<10%). Attempts ‘were
» made to improve the yield of the monoformylated product by
_ Ancreasing the ratio of POClj3:RU(acac)j from 2:1 to 4:1. This
resulted, however, in the preseénce of significant amounts of the
diformylated complex, as was verified by NMR. Ti(III) solutions
were prepared by the dissolution of TiHg in 3 M HCl. Absorption

7]
-~/
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 spectra, proton and 13c NMR spectra of the starting materials are

‘given 'in Figures 1-5.

Results of these experiments indicate that the formylated Ru
complex is more easily air oxidized than the parent Ru(acac)j
'complex;l and reacts more rapidly with the Ti(III) species.
During reaction it eventually consumes excess Ti(III), leaving
most of the formylated Ru complex as Ru(III), preventing
significant hydrolysis. After the addition of sufficient TL(III)
to purge the systém of oxygen, a stable solution of Ru(II) is
lobtained. ) '

For the parent complex [Ru(acac)3], reaction with Ti(III) is
slow and can be followed spectrophotometrically for over an hour.
For the formylated complex‘[Ru(acac)2(3-CHO-acac)], the reaction
was almost instantaneous. Over the course of several days,
however, the Ru(II) ‘species formed undergo significant

hydrolysis.

Kinetics of the cross reaction between Ti(III) and Ru(III)
complexes are in progress.' There is already good evidence for
facile electronic coupling via ligand bridges connecting the 3-C
' position to other transition metals. Confirmation of the
kinetics and mechanisms of electron transfer by NMR, EPR and UV-
VIS-NIR spectrum will pave the way for investigations into other

transition metal complexes.

3. Spectral Analysis of High-T Superconductihg Ceramics
'Because of the Navy's interest in the application of

superconducting ceramics, recent studies have focused on the

production and characterization of these materials. Currently,
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v "the pteparation of the superconduct:mg orthorhombic phase of
.Y382CU307 in bulk quantities requires repeated “high temperatute

cycling ‘and thermal decomposition above 900°C. ‘These
temperatures are incon:tpatible ‘with the various substrate
materials and electronic materials with which these
superconducting oeramics' would ultimately be used. Therefore,
studies were performed to determine the feasibility of preparing
suitable materials at lower temperatures with less temperatu:re
cycling. The preparation of superconducting ceramics in this way
would enhance the technological capabilitieé of superconducting
devices. ) ' ’

GEO-CENTERS' scientists assisted in the characterizat’ion of
these materials.  Samples of YBaj;Cug07 were prepared and

' characterized using transmission spectroscopy and reflectance

spectroséopy at both room temperature .and at liquid nitrogen
teinperature (77 K). The purpose of these investigations was to
determine whether the plasma edge"of the metallic state can 'be
observed at room temperatures. The spectra obtained at room
temperature revealed that the samples had both 1localized and
delocalized Cu sites. In addition, the low temperature spectra
exhibited the' same spectral bands observed at room temperature

‘without significant band narrowing or shifts in band positions.

Subsequent magnetization measurements using a superconducting
quantum interference device (SQUID) 'magn'etométer indicated that a
significant portion of the superconducting phase was present. A

__s_uperconduction onset temperatu're of 95 K was observed, with a

mz gnetic-flux expulsion of 5% at. lower temperatures (2).
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TABLE 1. s

“Results of NMR Spectr for [Rufaese), ] n ‘DG,

Nuclei 8 (ppm) . Ratio . Comment
H:
~CH, -5.51 . 6.056 Singlet
>C-H +-30.5 - 1.000 Singlet, broad

13C: (decoupled)

-CH, -21.3 Singlet, NOE
>C=0 +140.5 Singlet
>C-H +307.5 Singlet, broad, NOE

13C: (coupled)

.~CH, -23.9 (av) " 6.000 Quartet
>C=0 +138.3 5.343 Singlet
>C-H - +315.0 (av) 2.855 Doublet
43
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TABLE 11

- Results of. NMR. Spectra- for [Ru(3~CHO-acac)(acac), } in CDCI, -

Comment

Nuclei 5 (ppm) Ratio
*H:

-CH, -13.01 §.000 Singlet

~CH, -10.30 5.924 Singlet

-CH,(F) +7.465 6.139 Singlet

OC-H(F) +12.89 1.082 Singlet

>C-H - -46.7 1.967 Singlet, broad
13C: (decoupled)

-CH, 218.17 Singlet, NOE

© -CH, -8.51 Singlet, NOE

-CH, (F) +3.69 Singlet, NOE

>C=0 -12.00- Singlet, broad

>C=0 ' +465.52 Singlet, broad

>C=0(F)  +326.7 Singlet, broad -

. O=C-H(F) +204.2 Singlet, NOE

>C-Formyl +313.5 Singlet

>C-H +358.7 Singlet, broad, NOE
13¢C: (coupled)

-CH, . =20.23 (av) 1.96% Quartet, overlaps >C=0

-CH, -9.94 (av) 1.959 Quartet

-CH, (F) +1.87 (av) 1.960 Quartet

>C=0 -26.48 1.72* Singlet, broad

>C=0 - +57.52 1.704 Singlet, broad

>C=0(F) +338.2 1.782 Singlet, broad

O=-C-H(F) +206.8 (av) 0.999 Doublet

>C-Formyl +320.4 1.000 Singlet

>C-H .+370.9 1.766 Unresolved Doublet

* Overlapping Peaks - Redistributed Excess Methyl Intensity

To >C=0 Resonance
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J, " TABLE Nl o
~ - Results of NMR Spectra for [Ru(acac)(3-CHO-acac), ] in €DC13- e
Nuclei & (ppm) ‘ Ratio  Comment
YH: ' ,
-CH, -15.9 6.000 Singlet ,
-CH,(F) -1.205 5.934  Singlet
-CH,(F) +8.622, 6.073 Singlet
OC-H(F) +11.72 2.235  Singlet
>C-H -57.00 0.990 Singlet, broad
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 TABLE 1|

-

. Results of NMR Spectra for [Ru(acac), ] in CDCly : ‘% - . . -

Nuclei s (ppm) 5 (ppm) & Shift
(303 K) (313 K) (ppm)

© ¥3C: ('H coupled)

-CH, -23.9 (av) -21.3 +2.6

>C=0 +138.3 1-140.45 +2.15

>C-H +315.0 (av)  +307.3 7.7 _
TABLE 11

Results of NMR Spectra for [Ru(3-CHO-2cac)(acac), ] in CDCl,

Nuclei 6‘(PP@) 5 (ppm) A Shift
(303 X) (313 K) (pom)

13C: ('H coupled)

-CH, -20.23 (av)  -18.39 +1.84

-CH, -9.94 (av) -8.66 +1.28
sCH,(F) +1.87 (av) +3.52 +1.65
>C=0 -26.48 -13.46  +13.0
>C=0 +57.52 +64.77  +7.25
>C=0(F) +338.2 +327.7 -10.5
O0-C-H(F) +206.8 (av)  +204.4 -2.4
>C-Formyl +320.4 +314.2 -6.2
>C-H - +370.9 © 4360.1 -10.8
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: : Figure 6a
UV-Visible Spectrum Of Fresh Ti(IIT) Ton In 3 M HCI
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Figure 6b
UV-Visible Spectrum Of Aged Ti(IIl) Ion In 3 M HCIl
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-IV: - TOXI-LAB STUDIES ' -~

. A INTRODUCTION

The purpose of this project was to rescreen numerous urine

samples obtained - from - the Navy  Drug Screening- Lab (NDSL) in-

Norfc ik, VA. These samples had already been screened for the
following drugs .of abuse: morphine, benzoylecgonine (cocaine
metabolite), amphetamine/methamphetamine, phenobarbital, PCP, and
THC metabolite by RIA (tadioimmunoaésay).

Since RIA 1is very specific for t‘he‘ classés of :drugs
mentioned above, other drug classes would go undétected, even in
high concentrations.l Thin layer chromatography is not as
~ sensitive as RIA, but ¢an detect. a much broader spectrum of
drugs. It is therefore a logical, rapid and inexpensive way to
look for patterns of abuse_ among Navy personnel.

Toxi-Lab is a two-system (A,B) thin-layer chromatographic
screen for a large number (250+) of commonly prescribed and often
abused drugs. The A system detects basic and neutral drugs, most
of which are analgesics, tranquilizers, decongestants, anti-
depressants and stimulants. The B system detects acidic and
neutral drugs, most of which are barbiturates or hypnotics.

- Toxi-Lab is often used in emergency situations in hospitals- to

determine what material was taken in an overdose or what
materials may be rule&-out. Toxi-Lab is also finding_'its way
“into mass screening programs run by commercial laboratories.
Therefore, a close examination of its pqtential to the screening

of Navy urine specimens is warranted.

°7 GEO-CENTERS, INC.
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The sensitivity of Toxi Lab ‘ranges from 0 5 pg/ml 5 0 pg/mlf
" ‘per compound. " Toxi-Lab uses an initial salt/solvent extraction *"h”

procedure for separating the drug of interest from the urine
matrix and metabolic by-products. The solvent is then evaporated
onto a small disc of chromatographic paper to concentrate the
extracted components. The disc, now coated with materials, is
inserted into a chromatogram. The chromatogram is supplied with
four other disks containing various drug standards. The
chromatogram is then developed in an organic solvent to elute the
unknown and the standard drugs. Various dipping procedures are
then employed to reveal the‘compouﬂas on the' ' chromatogram. A
positive identification is made when a spot in the unknown lane
matches a standard in migration characteristics and color in all

the dipping procedures.
B. RESULTS

The first 41 urine samples sent to NRL were selected to be
those from potential drug abusers. They were divided into
subgroups according to RIA test results:

No. of samples Drug present
8 LSD negative
12 Low positive
12 THC 50-100 ng/ml
9 Cocaine 0-150 ng/ml ~

No unusual substances were found in these samples except

“that the cocaine urine samples had a larger number of cold tablet

medications corpared to the other urine samples. 'However, the

number of vurine samples is too small to come to any definite

conciusions. After the first 41 samples were screened by
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'Tbxidnab another 378 samples were obtained at random. These
"’ amples had ‘all” been séreened negative for’ drugs of abuse by RIA
. The results for 2ll 429 samples are summarized in Table 1. (Note

that the total number of drugs found is greater than 429. Some
samples had several drugs present.)

TABLE 1 - Toxi-Lab Results
Total # of Samples (429)

8- pﬁenethyl
A . amine B B

Nic Caff Acet SMA Neg Unconf conf unconf unconf neg.

218+ 25 9 9 116 48 17 57 45 366

50.8% 5.8% 2.1% 2.1% 27% 11.2% 4.0% 13.3% 10.5% 85.3%

Explanation of eolumn‘headings: OTC = over the counter

1. . Nic = # of samples testing positive for nicotine

2. Caff = # of samples testing positive for caffeine

3. Acet = # of samples testing positive for acetaminophen

4. SMA = sympathomimetic amines; a broad class of drugs
(stimulants) including amphetamine/methamphetamine and
ephedrine/pseudoephedrine (found in most OTC decongestants,
e.g., Bronkaid, Nyquil).

5. Neg = negative - no classifiable drugs were found.

6. Unconf; = - a spot of interest ‘was detected that did not
exactly match any of the 26 standards on the chromategram.

S
;

. L .
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*w§. .,B-Phenethy1amine conf = of the samples sent’ to Analytical
SR Systems, ‘several (17) had'a dtug-concentration ‘too low to
confirm, but the drug was presumed to be~B-phenethy1amine
" because of color and migration characteristics. (B~
phenethylamine is a putrefaction base found here because of
old, mishandled specimens.)

8. ﬁ-PhenethYlamine unconf = a number of samples were sent to
Analytical Systems (manufacturers of Toxi-Lab) and run
against their standards. These did not match any of their

‘ known standards. ‘

9. B unconf = dark spots that made the sample look positive for
barbiturates, even though it was screened negative by NDSL.

10. B neg = nothing of interest on the B side.

1. TOXI-LAB A - BASIC DRUGS |

Toxi-Lab A detects basic and neutral drugs. ‘The most commbn
material. found was an unknown amine that appeared similar to
methamphetamine in color at various detectidn stages and Rf. .
This amine was not B-phenethylamine. Examination of its mass
spectrum on a number of derivatives was not helpful in

determining its structure.

The electron impact mass spectrum of the trifluoroacetyl
derivative is shown in Figure 1. A molecular -ion is not
observed. This derivative was also run by negative and positive
chemical " ionization. The molecular weight appears to be.329,
Several possible éompounds were synthesized and their mass
épectra taken. In all cases, the retention time or mass spectrum .
was different than the unknown. A literature search uncovered
several possible structures derived from @- phenethylamlne. The
most likely is N—acetyl—a—hydroxy 8-phenethylamine, based on ;he

mi
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*fsxmilarity Of the ‘mass . spectra. However, the trifluoroacetylf'“'1"
‘dérivative of this material has .a molecular ‘weight of 371 not =

329.- Since. this- material is unlikely- to be ‘a drug of abuse due
to the frequency of its occurrence, no fgrther work to determine
its identity was undertaken.

Due to the degraded nature of most of the urine'gamples,
many spots and streaks also appeared. These 1lowered the
detection sensitivity for drugs of abuse by concealing potential
drugs and gave rise to a high numggr of unconfirmed positives

. (11.2%). Presumably, all or most of these unconfirmed positives

were falgse positives. .

The use of Toxi-Lab for oider urine specimens (greater than
a few .days o0ld) and specimens without preservatives is called

into question. Although this system is being employed by some

commercial laboratories, we believe that it should not be used
for routine drug screening because of the chance for testing
older specimens and the large number of false positives that
would result. More importantly, the lower sénsitivity due to the
high background in degraded samples, would generéte a large
number of false negatives.

Several methods for modifying the extraction methodqlogy
were tried. Most relied upon a back extraction iuto 1N HCL” from
the organic layer after the Toxi-Lab A initial extraction. The

aqueous layer was then made basic and re-extracted with another
Toxi-Lab A tube. This resulted in cleaner chromatograms, but it

eliminated the detection of neutral drugs, an important asset for
Toxi-Lab. Also, some loss in sensitzvity“chu:red due to the

. GEO-CENTERS, INC.
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- two, oOne 3tep extfécﬁiohs.- ~-.'The" in(_:r‘eased'_»'-iahalysi‘s’ -time” deld. be.

a detrimént in mass scréening. |
2. TOXXI-LAB B - BARBITURATES

Toxi-Lab B detects acidic drugs, most of which are
barbiturates. Since these urine samples had been screened by RIA
for barbiturates, none should be found. Over 10% of the samples
had spots present that appeared exactly the same as
phenobarbital. Several of these ’samples were tested by GC/MS and
found to be negative for phenobérbifal. Likewise, running the

Toxi-Lab B system in an unconveﬂtional manner showed that’ this

substance was neutral, not ac:.dic as phenobarbital would be.
This substance was not further identifled.

|
l
i

Based upon the 1limited lacl‘t of confirmation by GC/MS and
negative nature of these samplesiby RIA, it can be assumed that
all of the unconfirmed positivejs detected by Toxi-Lab B were
false positives. Since there ’fwere a large number of false

positives in Toxi-Lab B, its use win mass screening can be called

into question.

l
|
| |
3. BENZODIAZEPINES
|
The first 200 samples were tested for benzodiazepines
(Librium, Valium, etc.) by EMIT. EMIT was employed due to the
lack of sensitivity of Toxi-Lab with these urine specimens and
“"the low reported sensitivity of Toxi-Lab with this class of
drugs. Benzodiazepines were scréened because of their reported
high abuse by the general population. The EMIT test is a

PR
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L ..-.:‘homogeneous enzyme ;meunoassay. ‘s‘i"né’é !-:MIT relies upon antibody- -
‘-‘v.’“"":-j'ahtigen reacti:ons 1t “tends ‘to’ be quite spec:lfic.. “The 'EMIT.. test-'-"=‘
' for- benzodiazepines best detects oxazepam and the other. species '
at three-four times higher concentrations. EMIT detects oxazepam '
at a level of approximately 0.3 pg/ml or more.

Of the 200 ,sainples tested by ‘EMIT, one was strongly positive
and another sample indicated the presence of a benzodiazepine
concentration below the cut-off level. These two samples were
extracted using the Toxi-Lab: procedure and hydrolyzed to
diphenylketones with hydrochloric acid. The hydrolysis procedure
destroys information on the type of benzodiazepine presence ‘since
it converts many of the be.nzodiézepines and their metabolites to
the same diphenylketone. However, hydrolysis simplifies the mass
spectrometric detection since only three diphenylketones must be
examined. . Also, sensitivity may be iniproved since many of the
metabolites are converted to tbe. same compouhd. Standards of
Librium and Valium were also extriacted and hydrolyzed to provide
reference standards of diphenylketones. |

Both urine samples were found to contain benzodiazepines.
Neither of the two samples tested positive with the Toxi-Lab
hydrolysis confirmation procedure, probably due to its lower
sensitivity. '

-’

No information is available on these urine samples.
Therefore, it is not known if these drugs were abused' or
prescription drugs. A 1% use rate for benzodiazepines "bears_
further study as this use rate is highe’r‘ ghan the abuse of every
drug except marijuana. Also, benzodiazepines are commonly
available on the street and are undetected by the current Navy‘

‘.7.3.
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- drug .screening . program.  Several béhz_bdia'zabi'nes:,‘re_centiy__ were
 rescheduled “to Schedule-2' in-1ight of their abuse potential. = - .

C. 'CONCLUSIONS

Toxi-Lab was used to screen 429 urine samples from the
Norfolk NDSL. Due to the degraded nature of many of these
specimens, the reported sensitivity of Toxi-Lab could not be
reached. Samples (200) were also tested by EMIT for
benzodiazpines. One sample was positive and another was a

suspected vpositive. Both were found positive by GC/MS. The use
of benzodiazpines by Navy personnel warrants further study. - '
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E SUR ACE CHEMISTRY AND M‘E"HAN[CAL BEHAVIOR OF SlLlCON

CARBIDE AND SILICON NITRIDE IMPLANTED WITH TITANIUM

~ TO HIGH FLUENCES AND HIGH TEMPERATURES* .

1. L. SINGER
Naval [Research Laboratory, Washington, DC 20375 (U.S.A.)
(Rcceived April 6, 1987)

Summary

Ti* ions have been implanted to high fluences (4 X 10! cm~2 at.190
keV)|into commercial SiC and Si;N, substrates heated up to 900 °C. X-ray

. photoelectron spectroscopy depth profiles showed expected gaussian-like

profiles at room temperature (approximately 45 at.% peak concentration).
At the highest temperatures, solutes redistributed and phases formed
consistent with the corresponding ternary phase diagrams. Implantation at
room temperature softened the surfaces and reduced the indentation
fracture toughness values of Si;N,4 by about 20% but also closed cracks and
pores| on the surface and considerably reduced microstructural control of
propagating cracks. Hot implantation produced no loss in surface hardness.
but some loss (10% - 25%) in indentation toughness. Heating in vacuum,

_ however, produced oxygen depletion from both the implanted and the non-

implanted surfaces of several substrates and resulted in catastrophic embrit-
tlement of the Si;N, surface.

1. Introduction

on implantation is capable of modifying the surface chemistry,
structure and mechanical properties of ceramics. Previous investigations
by researchers at Oak Ridge National Laboratory {1], at Cambridge
University [2] and Toyota Laboratories [3] have demonstrated many
benefits of implanting ceramics including increased surface hardness, fracture
toughness and bend strength. However, while many implanted ceramic$ -
displayed increased surface toughness, e.g. Al,05 (1 - 3], TiB, [1], SiC [1]
and fully stabilized Zr02 [4], others such as glass, SiAION and some ZrO,

' ceramics [5] showed decreased fracture toughness, particularly at high

*Paper presented at the 14th Internationali Conference .on Metallurgical Coatmgs,

~ San Diego, CA, U.5.A., March 23 - 27, 1987.

O257-E 972/87/83.50 © Elsevier Sequoia/Printed in The Netherlands
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'ﬂuences S:C and Sl,N., the ceramics of mterest here were expccwd to
-behave :like. the .ceramics. in .the latter category, so it was. _necessary to
investigate implantation processes which would not be so deleterious to
the surface mechanical properties. One method of reducing the structural
damage produced by ion 1mplantatxon is to implant ‘“‘hot”, i.c. to implant |
‘into a heated substrate [6]. o
The influence of one implant species, Ti* ions, on the surface -
mechanical properties of SiC and SizN4 implanted to nigh fluences and high
temperatures, with the goal of improving the properties by hot implantation,
is examined in this paper. Surface compositions were analyzed by X-ay
photoelectron spectroscopy (XPS) sputter depth profiles, surface
morphologies by optical and electron microscopies, and surface mechanical
properties by indentation hardness and fracture techniques. Several effects
‘of thermally assisted solute redistribution and phase formatlon on surface
mechan ical properties are discussed.

2. Experimental details

2.1. Substrates
Commercial SiC and Si;N, substrates (SiC, ESK high-density sintered
alpha; Si;N4, Norton NC132, MgO hot pressed, and Ceradyne 147-1, Y,0,
hot pressed) were polished to a 3 um diamond finish. Several NC132
substrates, which arrived with commercially polished surfaces, were sub-
sequently ground, lapped and repolished to generate new surfaces.

2.2. Ion implantation

[on implantation was performed at the Naval Research Laboratory in a
Varian—Extrion high current implanter. Base pressures before implantation
were in the 1077 Torr range. *®Ti i- ns were implanted at 190 keV to fluences
up to 4 X 10'7 ions cm™2. The predicted range and range straggling values
for both of the substratc: are about 116 nm and 36 nm respectively [7].
These parameters give peak concentrations, assuming a gaussian range
distribution, of about 45 at.%.

During implantation, substrates were either held at room temperature
or implanted hot. Hot implantation denotes direct heating of the substrates
by the intense ion beain and is achieved by suspending the substrates in a
molybdenum sheet basket during iraplantation. An optical pyrometer,
calibrated by a thermocouple, was us>d to monitor the substrate
temperature. During hot implantation, performed with ion current densities
up to 40 puA cm™?, substrates reached temperatures from 500 to 900 °C
within a few minutes. For both cold and hot implantation conditions,
substrates were masked in order to retain a non-implanted area of each
. surface. The non-implanted areas of the hot substrates were subjected
to what will be called a “vacuum heating’ treatment.
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The near surface. compdsntlon was mvestlgated by XPS XPS “was A
pcrformed ‘with monochromatizéd aluminum_ X-rays in a Surface Science ~

Laboratory small-spot analyzer. Sputter depth profiling was accomplished
using 3 keV Ar* ion bombardment. Ion milling rates were 14 nm min™!,

- -according to the depths of the ion-milled craters. as measured by Michelson -

interferometry. Data analysis was performed using Surface Science
Laboratory software routines. Binding energies were referenced to 84.0
eV for Au 4f,,; the adventiticus C I8, obsérved at 284.9'% 0.2 ¢V, served
as a secondary standard. Composition vs. depth profiles were quantified
by integrating the photoelectron spectra and normalizing them using
- Surface Science Laboratory’s modified Scofield cross-sections. Rutherford
backscattering (RBS) was used to verify the elemental depth profiles.

24. lndentatzan hardness and toughness -

Knoop and Vickers indenters were used to evaluate the surface

mechanical properties of the polished, titanium-implanted, ion- -milled and

vacuum-heated surfaces. Indentation crack lengths were measured using
light microscopy. Indentation toughness values were calculated according
to the formula proposed by Lawn et al. [8] and critically evaluated by
Anstis et al. [3). By this method, one measures the radial crack length ¢
_at a given load P on the Vickers diamond and computes the indentation
toughness as ' :

E\12f p - ' ) ' '
K¢=0.016x(ﬁ) (cﬁ) (1)

where E is the elastic modulus and H is the hardness. In this study, we
compute the change in indentation toughness as

(Kc)impl - (Kcl)non - (Cnon )3[2 -1 ' . (2)
(Kc)non | cimpl

Although this formulation of indentation toughness does not strictly apply

to implanted layers, it does provide numbers like hardness numbers to

compare various treatments.

3. Results and discussion

3.1. General obseruvations

Titanium implantation at 4 X 10'7 ions ¢cm™? gave a metallic luster to
both cold and hot implanted substrates: both of the cold implanted sub-
strates had a “silvery” appearance, whereas the hot SiC substrate had a
dark, metallic appearance and the hot Si;N4 substrate developed a golden
hue. Implantation also produced conductive surfaces on otherwise highly
insulating Si3N4 (about 10" 2 m). The resistance was approximately
100 £ with a 1 cm separation of the probes of a volt-ohmmeter. Because

489
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o[ the htgh conductnvnty, XPS analysns could be performed thhout. t.he‘ -

charging problems commonly encoyntered with insulators. i
3.2. X-ray photoelectron spectroscopy analysis of SiC ¢nd SiyNg4
, XPS sputter depth profiles of the room temperature implants mto
"SiC and Si;N, are shown in Figs. 1(b) and 2(b) respéctively. The Ti profile
showed the expected gaussian-like distribution, with peak concentrations

. from 40 to 45 at.% at a depth of 120 nm as predicted. The carbon or .

nitrogen and silicon ¢oncentrations dropped then rose in inverse proportion
to the titanium concentration, indicating that the bulk constituents had
simply been diluted by the implanted titanium. The C:Si and N:Si ratios
varied systematically with the titanium concentration in XPS depth profiles
but not in RBS depth profiles (not shown) of the same samples. The
variations are believed to be due to preferential sputtering during ion mil-
ling in the XPS depth profiles [10]. A second feature of the profiles, oxygen
depletion, was also seen in several of the commercially polished Si;N,4
substrates. The oxygen appears to have migrated out of the peak depth
region during implantation, becoming trapped near the surface. However,
_after grinding, repolishing and implanting, these substrates showed no
oxygen depletion.

XPS sputter depth profiles in SiC and Si;N, substrates heated to
approximately 900 °C during titanium implantation are represented in
Figs. 1(a) and 2(a). Both of these profiles differ from their room
temperature counterparts (verified by RBS profiles) in ways suggesting that
solute redistribution and phase formation took place during hot implanta-
tion. The SiC profile suggests TiC formation with siiicon depleted from
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Fig. 1. XPS sputter depth profiles of titaniura-implantad SiC (peak binding energy
" (electronvolts) is given at selected depths) (a) 900 °C implant; (b) room temperature
implant.
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(a)

ATOM PERCENT

.....

SPUTTER TIME {SECONDS)

Fig. 2. XPS sputter depth profile of htamum-lmplanted SijNg (peak bmdmg energy
(electronvolts) |s given at selected depths): (a) 900 °C implant; (b) room temperature

implant.

the peak titanium concentration region. The Si;N, profile appears now to
have at.least three layers, passing from the surface to the titanium peak-
depth region: first, a thin silicon-nitride-rich layer containing titanium and
a small amount of oxygen; next a layer probably containing TiN + Si in’
approximately equal concentrations; fmally, a layer containing TiN (and
probably titanium) and some silicon.

‘The hot implantation profile of Si)N, is consistent wn:h phases
predicted by the ternary phase diagram for Ti-Si~N at 700 - 1000 °C [11].
(It should be noted that there is an error in the Ti-Sn-N drawing in ref. 11,
Fig. 4. The position of Si;N4 along the N-Si line was incorrectly placed at
33% Si and actually belongs at 43% Si.) The reactxon of titanium with
Si3N4 should produce the following:

+ SisNg+ Ti—>SijNg+ TiN + Si 0% < [Ti] < 36%

SisNy + Ti — TiN + Si + TiSi, 36% < [Ti] < 45%

' These phases are cohsistent with the binding energies obtained from the XPS .

data, given at selected depths in Figs. 1 and 2, and from reference
compounds listed in Table i. In particular, the binding energy for titanium

" at lower concentrations is that of TiN, while at maximum concentration it

shows a mix of TiN and probably titanium silicide. Similar arguments can
be made for phase formation in titanium-implanted SiC.

A second finding from sputter depth profiles was that, in the com-
mercially polished substrates (those that showed oxygen depletion in the

room temperature implants), the. oxygen concentration rapidly fell to"

zero and remained there XPS sputter depth profxles of the non- mplanted
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TABLE1 . L e e
" Binding energies for p'hbtbelectxjorQs of silicon, titanium, nitrogen and carbon’ T

Photoelectron Binding energies (eV)

© Metal - . Nitride Carbide
Si 2p 99.1%: ® g9 4¢ ©102.1¢ 100.29, 100.2°
“Ti2p32 . . .453.9* S 454.9%, 454.7% . 454.8*
N 1s - 397.1° (TiN) - ,
Cis - - 281.2" (TiC)

2Refcrence 12.
bPresent work.
Reference 10.
dReference 13.

portions of these substrates also showed oxygen depletion, indicating that
substrate heating (in vacuum), and not ion implantation, caused the oxygen
_depletion. Several Si;N, substrates were later ground, lapped and repolished;
they did not show oxygen depletion after hot implantation. These results
suggest that grinding and/or polishing can destabilize the oxygen chemistry
in sintered or hot-pressed ceramics.

In summary, titanium implantation was capable of formmg umque
surface alloys in SiC and Si;N,. XPS analysis suggested that a solid state
reaction occurs, i.e. titanium bonds replaced silicon bonds to nitrogen and,
at high temperatures, the atoms redistributed, allowing the thermo-
dynamically stable phases to begin to form. The golden coloration of the hot

' titanium-implanted Si;N, substrate supports the interpretation of the XPS
data that TiN was formed.

3.3. Surface mechanical properties

3.3.1. Surface morphology: SiC

The shiny black, polished surface, as seen by the naked eye, was
observed in a microscope to contain many pits and protrusions. Surface
textures around Vickers indents exemplify the brittleness of the surface.
Grain pull-out, circumferential cracking and radial cracking occurred at low
loads (less than 1 N). Cracks propagated along pores, second phases or grain
boundaries, indicating that propagation in the surface is controlled by the
near-surface microstructure. Similar microstructural control of indentation
fracture has been observed by Naylor and Page {14] in hot-pressed and
reaction-bonded SiC substrates.

Heating these commercially polished SiC substrates in vacuum to
temperatures above 500 °C smoothed the surface considerably but also
increased the brittleness of the surface. Around Vickers indents, the radial
cracks became more jagged and circumferential cracks more pronounced.
These  features are readily seen in Fig. 3, a scanning electron microscopy
(SEM) stereo micrograph of a Vickers' indent (at 4.9 N) in the non-
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Fig. 3. SEM stereo pait of a V:ckera indent (at 4.9 N) in smtered SiC vacuum heated
to B00 °C,

implanted portion of a substrate heated in vacuum to 900 C At hlgher :

loads. chunks of material often popped out of the indented surface. -
Both' cold and hot titanium implantation into SiC substrates greatly
reduced grain pull-out and circumferential cracking and decreased the
microstructural control of radial crack propagation. Chipping, observed
on the long edge of Knoop indents, was replaced by extrusion, indicating
plastic flow of the titanium-implanted surface. Roberts and Page [15] have
- reported similar resistance to chipping for high fluence. room temperature
implants of N* and B~ into SiC.
The increased resistance to chipping is illustrated dramatically in Flg
4. which shows Vickers indents (at 49 N) in the hot implanted surface and
in an lon-milled crater on the same surface. While chipping was suppressed
and radial cracks were less jagged on the implanted surface, the brittle
textures that typified non-implanted surfaces had returned in the ion-
milled crater.

3.3.2. Surface morphology: Si N,

As happened on SiC, polishing left the Si;N, surfaces quite pitted and,
in certain areas, particie-like protrusion could be seen. In contrast, titanium
implantation. closed polishing pores and Vickers-induced radial cracks as
seen in the optical micrographs in Fig. 5. In particular, Fig. 5(b) illustrates

- the closing of radial cracks.by implantation: Fig. 5(a) shows an indent before -

implantation and the middle photo shows the same indent after lmplanta-
tion. The closing of cracks is believed to be due to subsurface compressive
stresses that developed in response to implantation-induced surface tension:
however, -a quantitative discussion - of -these- effects is beyond the scope
of thit paper g lmplmmn(m dlsu rcduu*d Lhr\ microstructural u)ntml ol'

f

-t
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Fig. 4. Optical micrographs of Vickers indents (at 49 N) in hot titanium-implanted
(900 °C) sintered SiC: (a) implanted surface; (b) ion-milled crater.

propagating cracks, similar to that reported by Burnett and Page {5] for
titanium-implanted SiAIONs.

Vacuum heating to 900 °C produced no significant morphology changes
in most Si;N, substrates. However, several substrates from one batch of
Si;N, developed brittle surfaces after heating to temperatures greater than
500 °C in vacuum. Figure 6 shows both optical and SEM micrographs of
surfaces of cne such substrate heated to 900 °C during implantation. Both
implanted and non:implanted areas developed a network of cracks, with
quilt-like patches from 20 to 50 um in diameter. €rack propagation around
indentations was deflected by, then followed, the borders of the patches.
The surfaces became extremely smooth, making them quite transparent

and enabling one to see features several micrometers below the surface

(e.g. subsurface lateral cracks in Fig. 6(b)). These surfaces were the same

’
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Fig. 5. Optical micrographs of Vickers indents (at 49 N) in hot-pressed Si3Ng4: (a) non-
implanted; (b) indented then titanium implanted; (c) titanium implanted then indented.

as those found to be oxygen depleted. Not all Si3N, substrates became
embrittled during vacuum heating. However, those which did also showed
oxygen depletion, leading us to speculate that loss of oxygen led to embrit-
tlement of the surface. At present, however, we do ‘not know what caused
these substrates to lose oxygen. '
3.3.3. Swelling . .
. Implantation at room temperature caused the surfaces of both SiC and
Si3N, to swell about 70 ¢+ 10 nm, similar to values reported for high fluence
- implants into.SiC {15, 16} and AlO;. However, no swelling was observed
on substrates implanted at high temperatures. The swelling is attributed to
the accumulation and retention of defects, consistent with the “ztomic

stuffing” depth profiles observed during room temperature, implantation.

The absence of swelling in the hot implanted substrates is consistent with




Fig. 6. Micrographs of Vickers indents in surfaces of hot-pressed SiyN4 heated to 900 °C
n vacuum: Nomarski micrographs of 4.9 N indents in (a) non-implanted and (b)
.itanium-implanted areas; (¢) SEM micrograph of 0.20 N indent in non-implanted area.

-he removal of defects during the sclute redistribution and phase formation
-hat occurred at higher temperatures.

' 3.3.4. Surface hardness ‘

The near-surface hardness of the SiC and Si;N, substrates was measured
vith a Knoop indenter at loads of 150 mN and 98 mN respectively. The
ndenter penetrated 200 - 300 nm into the surface, comparable with the
mplantation depth. As seen in Table 2, room temperature titanium
mplantation lowered the surface hardness of both SiC and Si;N,. Hot
mplantation did not lower the hardness of SiC significantly and appears
0 have returned the hardness of Si;N,4 to its room temperature value. The

ecovery of surface hardness after hot implantation is probably due

o the avoidance of amorphization, which is responsible for softening
:eramic substrates [6]. Vacuum heating lowered the hardness of all Si;Ng
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TABLEZ. . : ol T T
Knoop hardness of titanium- xmplanted bld and Si _-,N.

. Area indented .  Hardness® of SiC (HK) Hardness* of SiN, (HK)
LT dget T TR00% T 140 T T =500
_Non-implanted . =~ 42%2 . 453 | 296 237
N T gg¥e 0 38%8 T - 23%8 7 282"
*Load, 0.15 N. '

substrates both oxygen depleted and non-depleted for reasons not at
present understood

3 3 5. Indentation toughness o

Indentation toughness measurements were performed with a chkers
indenter at loads from 10 to 98 N. The indentation toughness values were
calculated from crack lengths measured at a load P = 49 N. The results, too
lengthy to present in this paper, are summarized in Table 3. Indentation
toughness ' values decreased by 10% - 25% for all the implant conditions
except for the room temperature SiC implant, which showed no change in
indentation toughness, In addition, non-implanted Si;N4 surfaces that were
oxygen depleted by vacuum heating had indentation toughness values 15% -
25% lower than the original surfaces. ‘

XPS depth profiles might provide insight mto the toughness of hot-
pressed Si3;N4 and sintered SiC. Since oxygen depletion led to increased
brittleness of the surface in many substrates, it is tempting to suggest that
the oxide phase(s) contribute to the toughness of these materials. We note
that the room temperature SiC implant, which did not lose oxygen from the
implanted layer, was the only substrate that showed no drop in indentation
toughness. It would be useful to learn whether the glasses [17], SiAIONs
and ZrO, ceramics {5] that lost fracture toughness after unplantatxon might
also ‘have lost oxygen during u'nplantatlon.

TABLE 3
Indentation toughness changes of titariium-implanted SiC and SijN4

~ Substrate SiC SiC SijNg SijNg
Implantation temperature <40°C 900 °C <40°C " 900°C
Indentation toughness - None Decreased -  Decreased - Decreased

change - 15%-20% . 20%- 25%. 10% - 25%

Y I - - Tro s e e e e e EE ol e BAS
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. Summarizing remarks 2nd conclusions

v

Composition and morpholo’gy studies of high fluence titanium
. mplantation indicate atomic stuffing of the lattice at. room temperature but
ignificant solute redistribution and phase formation at the higher tempera-
ufes (up to 900:°C). The swelling observed:-on room temperature implants,
ut lost in high temperature implants, is consistent with defect removal
ccompanying solute redistribution. Recovery of surface hardness at high
emperatures is probably due to phase formation and ‘defect removal.
)xygen destabilization, which may result from grinding or polishing, appears
o contribute to decreased fracture toughness.
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Al-4V IMPLANTED WITH CARBON OR BORON TO HIGH DOSES*
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mary

High-dose ion implantation of carbon or boron into Ti-6Al-4V alloy
uced flat-topped concentration profiles indicating considerable solute
tribution. Carbon implantation produced precipitates of TiC, which
me a continuous layer at the highest doses. This layer showed very high
sion resistance, at least 70 times that of the substrate. Boron implanta-
i generated increasingly dense layers of TiB, dispersed in amorphous
jum. Boron and lower-dose carbon provided appreciable.increases in
resistance (by about ter: times). Wear of these ultra-adherent but thin
s (less than 300 nm) was not uniform.

troduction

Ion implantation has been shown to improve the tribomechanical
erties of a wide variety of engineering materials {1 - 3]. Its most nota-
uccesses have generally been obtained in those engineering alloy< known
heir poor wear resistance; titanium and its alloys are prime examples.
ous tribomechanical studies of ion-imp.anted titanium have focused on
on implantation, which has been shown to harden the surface (4 - 7],
ase durability during sliding wear {8 -13]) and greatly improve the
)sive wear resistance of prosthetic devices [14 - 16]. The best results are
wad at highest doses where nearly continuous layers of TiN are formed

.7-19].

This investigation examined two other interstitial implant species,

n and carbon, capable of improving the wear resistance of titanium

s. High-dose B* [20, 21] and C* [22] implantations are known to form
le and carbide precipitates, and titanium borides and carbides are known
» harder than and, perhaps, more wear resistant than titanium nitride 1s
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[23] Previous studies have shown, with one exception {11], that C* im-

‘plantation provides comparable- tribomechanical benefits with N*'(16,24].... .-
Moreover, C* implantation has been shown to benefit the fatigue resistance

. of a-Ti by strengthening the surface [22]. Some tribologicul benefits of B*
A nmplanted titanium have also been reported [25]. ‘

" Thé purpose of this paper is to-demonstrate’ the benem.s of 1mplant1ng

B* or C* to higa doses into the alloy Ti-6Al~4V. Doses for B* implants

were chosen to give peak concentrations capable of forming TiB and TiB,
and doses for C* implants were chosen to give peak concentrations up to "

that needed to form TiC. Although there is evidence that post-implantation
heat treatments can benefit tribomechanical properties [12, 24], we re-
stricted this study to unannealed, room-temperature implants.

2 Experimental procedure

*Samples of mill-annealed Ti-6Al~4V (Ti—ll.Zat.%Al—S.Sét.%V) alloy

from two sources were used. They were similar in hardness and abrasive wear
resistance. The samples were machined disks, 12.7 mm in diameter and 2.8
mm thick, ground, fine ground, and polished with 3 um diamond to a
steady-state finish on the pohshmg machine to be used for the abrasive wear
studies.

Ion implantations were performed in the Naval Research Laboratory
high current Varian~Extrion implanter. Polished Ti~6Al-4V disks were
mounted on a water-cooled holder and the target chamber was cryogenically
pumped to pressures of 2 X 107® Torr or better. B* ions were implanted at
40 keV to doses of 8 X 10'" cm™% or 16 X 10!” ¢cm™?, and C* ions at 50 keV
or 75 keV to doses of (2-8) X 10!” cm™2, Concentrations at peak depth
predicted from range straggling data (Table 1 and Appendix give details)
varied from 56 to 71 at.% for B* and from 21 to 52 at.% for C*.

Auger sputter depth profiles, were performed using Ar* ion milling.
Compositions were computed by standard normalization procedures
using sensitivity factors obtained from. well-characterized TiC films and

TABLE 1

Range R, range stragghng AR, and pcalt concentrauom for Ti- 6Al-4V implanted with

11B* or l2C‘ (26)

p—r e

lon ) B* N % c*
Energy (keV). 40 50 . S £
R, (nm) 104 109 151
AR, (nm) ‘ 44 41 52
. Dose (x10'7cm™?) 8 16 6 2 4 8
. Peak concentration (at. %) 56 n 51 21 35 52

—

T ——
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TiB, substrates: S(Ti420 eV)/S(B) = 2.2 and S(Ti420 eV)/S(C) = 1.0_were
used on data obtained with a 2 keV electron beam. Depth scales, where -
given, were obtained from depths of ion-milled craters measured intetfero-
metrically; uniform sputtering rates were assumed.

To prepare specimens for transmission electron mtcroscopy (TEM)

*“the surfaces of polished, then implantéd; disks were sliced off using a thin

diamond saw, mechanically polished on the sawed surface, cut in 3 mm

~disks, and electrolytxcally thinned from the unimplanted side. These were

then examined in a 200 keV electron microscope and selected area electron
diffraction (SAD) pattems taken.

Abrasive relative wear resistances (RWRs) were determined by polish-
ing of the sample disks with 3 um diamond paste {27 - 29}. In this pro-
cedure, implanted and reference (non-implanted) disks were polished simul-
taneously under controlled conditions. Wear depth increments of 10 nm
could be resolved. Moct of the experiments were done with three implanted
and six reference disks.

.The boron and high-dose (8 X 10" cm™2) carbon-implanted surfaces
were polished on the wheel polisher with a pressure of 6400 Pa and a mean
speed of 23 cm s~'. Low-dose (2 X 10'7 ¢m™?) carbon-implanted surfaces
.were polished on the wheel polisher at 2700 Pa and 10.9 cm s”!, and on a

. vibratory polisher with a pressure of 6400 Pa. The implanted surfaces were

examined at various wear depths for changes in surface texture, hardness
and composition.
3. Results and discussion

3.1. Composition
Compotition vs. depth profiles for C* implanted Ti-6Al-4V, shown

.in Fig. 1 for medium and high doses, evolved with increasing dose from a
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Fig. 1. Composition 1e. depth profilss for 75 keV earbon ions implanted in TI-6AI-4V
at two doses: — — — nominally 2 x 107 em™?; 8 x107em 2
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Fig. 2. Compaosition us. depth profiles for 40 keV boron ions implanted in Ti-6Al-4V
at two doses: — — —, 8 x. 10" em™?; , 16 X 10"’«':m'2

slightly broadened gaussian to a near flat-top distribution as the maximum
concentrations approached 50 'at.%, suggesting considerable redistribution
of (solute) carbon. (The apparent retained dose is approximately twice the
nominal implanted dose for reasons as yet unexplained.) The lineshape of
the carbon (KLL) Auger spectrum was like that of titanium carbide up to
carbon concentrations of about 50 at.%. At higher concentrations, the
carbon (KLL) lineshape indicated admixtures of elemental carbon, which,
for the highest dose implant, led to the uncertainty in peak concentrations
(indicated by the cross-hatched region of the profile curve). The peak
concentration was found in the predicted range near a depth of 140 nm.
The 6 X 10'7 cm™? profile for 50 keV C* (not shown) was identical with
that of 8 X 10'7 cm™? at 75 keV, except for the shorter range. Finally,
infusion of oxygen was seen for C* implantation at these high doses.

Composition vs. depth profiles for 40 keV B* implants to 8 X 10"?

cm™? and 16 X 10'” cm™~? are shown in Fig. 2. (No depths were measured,
but it was assumed from the projected range data that the peak boron
concentration lies near 100 nm.) At both doses, the boron profiles are
considerably broader than a gaussian, indicating considerable redistribution
of (solute) boron, especially toward the surface. The lineshape of the boron
(KLL) Auger spectra were like that of titanium boride, up to boron con-
centrations of about 65-70 at.%. At higher concentrations, the boron
(KLL) lineshape indicated significant admixtures of elemental boron, which
again led to the uncertainty in peak concentrations for the higherdose
implant (indicated by the cross-hatched region of the profile curve). Infusion

of oxygen (but not carbon) is seen at both doses, far more than is found in

non-implanted substrates.

3.2. Structure

The structure of the Ti-6Al-4V implanted layor for the carbon dose
of 2x 10" ion cm™? at 75 keV has been reported previously (22]. This
‘and the current TEM structure observations are summarized in Table 2. At
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TABLE 2 .
_.Summ ry of phases obscrved ,By TEM for carbon and boron,implgnhti‘om,of“ﬁ-‘ﬁAl—‘V

Implant Dose Energy Matrix Precipitate Size
' (ion em ?) (keV) {nm)

- c* T 2x10M 75 aT™ °  TC " 5-20
c 6 x 10"7 50 TiC -
8+ 8x1017 - 40 - -~ Amorphous = TiB, 10 -30
B* 1.6 x 1018 40 Amorphous "TiB, 30 - 100

6 X 10'7 ion cm™? carbon (50 keV), the TiC layer was continuous, and SAD
showed « titanium spots only from the thickest parts of the foil which
remained electron-transparent. A continuous TiC layer was also found for
a carbon dose of 7 X 10'7 ioncm™2at 75 keV.

. For the boron dose of 8 X 10'7 ion cm™2, a diffuse ring indicating an
amorphous matrix was readily apparent in the diffraction pattern. All
crystalline ring reflections indexed to TiB,. At 1.6 X 10'® jon cm™2, the
amorphous ring was much weaker, and the TiB, reflections stranger, cor-
responding to the observed increase in size and density of the precipitate.
No indication of the TiB phase was found, in agreement with results of
Okamoto et al. [21].

The formation and growth of TiC and TiB, precipitates may account
for the observed broadening and flattening of the carbon and boron con-
centration profiles. As the precipitates grow, they occupy larger volumes
than the metal matrix (16% for TiC and 47% for TiB,). Compressive stresses,
generated symmetrically about the peak depth (the likely nucleation depth)
combined with lowered solubility in the precipitated phase and radiation-
assisted segregation would drive the solutes initially towards the surface. At
higher doses, solute drag by defects may reverse the flow towards the in-
ternal precipitate—matrix interfaces {7]. Therefore, at high doses, one might
expect broad, uniform distributions even for single energy implan‘z /*vit% the
caveat that some blistering may occur at high doses).

3.3. Abrasive wear resistance

' Two abrasive wear experiments with low-dose carbon implanted in
Ti~6Al-4V were done with the vibratory polisher, and one with the wheel
polisher at higher speed and lower load. All the results were similar. The

data from the wheel polisher are shown in the lower curve of Fig. 3. Each -

point shown is the mean of the data for three disks. The peak RWRs with
the vibratory polisher were 7 and 8, at depths of 80 and 120 nm.

The high-dose carbon implant produced the much greater effect shown
by the upper curve in Fig. 3. Its peak RWR value was comparable (70 and
66 respectively) with that of a sputter-deposited TiN film (from W, Sproul,
Borg-Wamer Corporation) polished with the same reference disks. Moreover,
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Fig. 3. Abnsgvc wear resistance us. mass loss and average wear depth of Ti-6Al-4V im-
planted with high and low doses of carbon ions at 75 keV.

this RWR value far exceeds the largest RWR increases measured in previous
implantation studies: about 10 for titanium-impianted AISI M2 tool steel
{30] and titanium-implanted 304 stainless steel [27], and about 6 for
titanium-implanted 52100 bearing steel [31]..

At depths beyond the peak, the implanted layer began to wear non-
uniformly, with some portion of the bare substrate exposed. After 100 ug
of wear, two distinct zones on the titanium disks were visible to the naked
eye. The curves are therefore plotted as functions of mass loss rather than
of wear depth. The corresponding average wear depth is given at the top.
Although one might expect that polishing in such a controlled manner would
remove material layer by layer, this is not the case for ion-implanted
Ti-6Al-4V ., Although the initial segments of the RWR curves reflect the
RWR of the more wear-resistant impianted layer, the rapid .drop in the
high-dose curve and the shallow peak depth relative to the carbon concentra-
tion shown| in Fig. 1 indicate that wear of the substrate was occurring.
Tailing of the curve is also the result of this composite wear process. After
400 - 500 ug of wear, these disks were still about half-covered by the wear-

resistant layer, resulting in RWRs of around 2. Auger sputter depth profiles

of the remaining layer (not shown) indicated that only 50 nm of the im-

planted layer had been wom away. This wear depth also matches the depth

of the RWR) curve peak.

. Boron implantation also’ produced large incteases, from 8 to 13 times,
in the RWR of Ti-6Al-4V. With the boron implantations, however, the
RWR peaks, shown in Fig. 4, did not differ greatly between high and low
doses, the curves being similar to that of the low-dose carbon. (The mass
. loss scale ok Fig. 4 is half that of Fig. 3.) One anomalous result is that, in
_ one run with the hlgh dose two of the three dlsks had very low mass losses,
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Fig. 4. Abrasive wear resistance us. mass loss and average wear depth of Ti-6Al-4V im-
planted with high and low doses of boron ions at 40 keV,

producing the point at an RWR of 65. Non-uniform wear was also observed
with the B*-implanted layer, as with the C*-implanted layer, suggesting that
non-uniform wear may have reduced the apparent RWRs beyond the peak
depth. Again, the RWR peaks are at shallower depths than would be ex-
pected from Fig. 2.

Two implications may be drawn from the non-uniform wear behavior
during polishing of hard, thin layers on softer substrates. Firstly, the RWR
curves may give only lower bounds on the maximum wear resistance of the
implanted layer. The larger the RWR of the implantea layer, the less likely
the true RWR would be measured. Secondly, because polishing does not
produce uniform layer.-by-layer wear, composition analysis of polished
surfaces may not be used indiscriminately .o assess migration of implanted
species during wear {13].

4. Conclusions

Implantation of Ti-6Al-4V with carbon or boron to very high doses
produces a thick implanted layer (about twice the projected range) with a
nearly uniform carbon or boron distribution. In the carbon-implanted layer,
TiC precipitates grow in a titanium matrix ultimately to a continuous TiC

" layer at highest doses. In the B'-implanted layer, TiB, precipitaies grow in

an amorphous titanium matrix toward a uniform TiB, layer.

'The high dose C* implant, corresponding to a continuous TiC layer,
produced the largest increase in wear resistance of the implants studied. Its
wear resistance was comparable with if not greater than a TiN film produced
by physical vapor deposition. Moreover, from a production point of view,




the’ C‘ implant required less than half the dose (i.e. half the |mplant.atnon
-time and ‘cost) that the. hlg'iest dose B* implant yequired. However, the B*
implant, even at 8 X 10'? cm™2, provided a respectable improvement (eight
times) in wear resistance for Ti~6A1-4V. In addition, the B*-implantation
process produced an amorphous matrix, which may be beneficial where
corrosion aceelerates the.wear process, e.g. in prosthetic components,
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Appendix

The maximum corcentration of implanted ions, assuming a gaussian
range dtstnbutlon occurs at a depth given by the projected range. This peak
concentration N, (i.e. at peak depth) depends only on the range straggling
AR, and dose, and is calculated as

_0.4Xdose
? AR,
The peak atomic percentage concentration for ions I which enter a lattice
. interstitially can be calculated as

I1 =
=
where p is the atomic density of the unimplanted lattice. For Ti~6Al-4V,
an atomic density of p = 5.76 X 10?2 atom cm™> was assumed.

Note added in proof
Non-destructive composition depth profiles of carbon-implanted T|—6A.I 4V have
been obtained by Rutherford backscattering spectroscopy (RBS) (R. Gossett, May 1987)
in order to quantify better the high dose profile data. RBS values for the peak carbon
concentrations in the high dose implants (6 X 10!7 ecm™? at 50 keV and 8 x 10! em™?
at 75 keV) were about 67 at.%. For the lower dose implants, RBS values agreed to
better than 10% with Auger values. RBS also indicated a 10% - 20% narrower straggling -
range for the high dose implants than that obtained by Auger sputter depth profiles.
We attribute the “broadening™ of the Auger profiles in Figs. 1 and 2, where uniform
- sputtering was assumed, to slower sputtering rates of the TiC and TiB, phases relative to
the metallic titanium phase.
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COMPOSITION AWD STRUCTUX: GF Sisl. IMPLANTED WITH Ti* o
- T. ' AT 900°C.
I.L. SINGER, R.G. VARDIMAN AND C.R. GOSSETT . ‘ o

.Naval Research Laboratory, .Mashington, DC. 2037S.

ABSTRACT

Ti* ions were implanted to high fluences (up to S x 107 /ci?) into Sialle”

substrates heated to around 900°C. Composition ‘' vs depth profiles were

_.obtained by RBS (in conjunction with RUMP analysis) and microstructures were

examined by TEM. At a fluence of 4 x 10'7/cm?, the si concentration was
considerably reduced at the Ti peak depth but enriched near the surface. By S
x 10'7 /cm?, Si was nearly depleted from the implanted layer, leaving a Ti~-rich
nitride layer aerging continuously into Siafla. TEM detected TiN p-ecipitates
up to several pm in diameter, and coherent with SiiN, crystallites. A Si-Ti-W
ternary phase diagram is used to interpret the observed solid state reactions.

INTRODUCTION

Ion implantation is capable of modifying the surface chemistry, structure

and mechanical properties of ceramics. Investigations by researchers at Oak
Ridge National . Laboratoryt, at. Canbridge- Uaiversity? and Toyota Ladorateries?
have' demonstrated many benefits ‘of ‘implanting ceramics including increased
surface hardness, fracture toughness and bend strength. These enhanced
properties can pe-lost, however,.if the implantation fluence getstoo high-and
the surface becomes amorphous.¢:3 One method of reducing the structural damage
produced by ion implantation is to implant “hot,"” that is implant into a
heated substrate.® We recently took this approach to investigate the
influence of Ti* ions on the surface machanical properties . SiC  and SiaN¢

" ‘implanted to high fluences "and at high temperatures.” ‘One inexpected result

was that Si appeared to be quite mobile in hot implantad SisN«, but not in hot
implanted SiC. This mobility - varranted futther examination of the phases
formed during hot implantation.

- This paper examimes in more detail the chemistry and ' structure of Ti
implanted SiiNe at high fluences and high temperatures. Near surface
compositions were analyzed by RBS, a ' quantitative nondestructive depth
profiling technique ideally suited for implants of heavier-atoms into lighter
solids. Microstructures were obtained by transmission electron micrdscopy
(TEM) and diffraction. Solute redistribution and phase formation

accompanying high fluence 'implantation is discussed in terms of the Si-N-Ti ..
-ternary-phase diagram: '

'EXPERIMENTAL

Commercial S$isNe substrates (Nortom NC132, hot-pressed with MgO) were
polished to a 3-pm diamond finish. Ion implantation was performed at NRL in a
Varian/Extrion high current implanter. Base ps#essures before implantation

were in the_10-7 Torr rarge. ¢%Ti ions were implanted at 170 or 199 keV to_
:fluences up to-S . x 1C'7 iens/cm?. The predictaed range and range stragglisg
values are about 115 na and 35 nm®, giving peak concentratxons, assuning a
wgaussxan range d1str1but1on, up. to 60 at. .o .

During’ inplantation, suostrates vere exther ‘heat _sunk_on'a yeIl-cooled'
substrate holder (T <.40°C) or. implanted "hot." . "Hot“ "implantatioa denotes
direct heating -of: the substrates by an intense ion beam and is achieved by
thermally isolating substrates in a . suspended Mo sheet basket during
implantation, An optical pyrcmeter, calibrated by a thermocouple, was used to.

%,
..

A



\

nonxto: ihe'éubstra:e tenperature. Duran hot™ xlplantatxon. pertotred vxth“_4v

.
’

IR

ion current densities up to 40 pA/cm?, substrates reached temparatures between

800 and 900_°C within a few minutes.
Conposxbxon vs depth profiles wvere obtained by RBS using 2.00 Hev-alpha

particles.

~exit to -enhance depth resoiuticn.
program RUMP?.

Depth

The

Spectra were obtained in a coplinar geometry at 30, to 60° grazing
spectra

vere fit by the simitlation

scales at the top of the figures were calculated using

the atomic density of 9.6 x 1022 atoms/ca? for SiaNe

of TiN (1.05 x 1043 atoms/cm?) by less than SX.

For TEM studies,
on the side to Dbe
thickness of

implanted,

then after

100 ya on the unimplanted side.
masked and the back side ion milled to perforation.

which differs

. from. that"

.disks ) mm in. diameter received a fine mechanical polish
implantation were ground

. to a
implanted face was then
.Masking was .done with.a

The

silicon rubber compound applied wet with a hardening catalyst and removed with

freon.
RESULTS

A Compqsition‘vs depth profiles of Sii;N« .implanted with Ti to high fluences
are snown in Figs. 1 and 2. To illustrate the effects of substrate
temperature, Fig. 1 presents rompositions obtained at a fluence of 4 x

1017 /cm? with 190 keV Ti ions
heated to about 900°C (right).

expected gaussian-like Ti distribution,
The hot implantation profile, in contrast, suggests that
‘Hot implantation clearly promoted
In particular, Si appears to have been displaced from
This profile resembles the

the incorporated Ti.
‘three or
solute redistribution.

the Ti-rich layer and moved towards the surface.

four distinct layers were formed.

in substrates
The lower

with SiaNs

held at T<¢40°C (left) and beam

temperature profile gives the

diluted in proportion to

layered structure found when Ti was reacted with SiiNe at " these
temperatures.19.11
DEPTH (rem)
2 4o u» t?o :a: o «0 80 120 160 200
Y T T L y
n-mmso SipN, (AT @0 THMPLANTED SijN, (AT 900°C) -
F . DOSE = 4x10"/cm?, ENEAGY = 190 keV. DOSE « 4x 10'7icm?, ENEAGY = 190 keV
. ®0F & ' __i
K2 o-0- ’KG----"
'z Q. . o a
g B.q ,B'B ‘ ’
. é,“"t\. N a &/r”"_“: ' 40 e
s e . . s ) N NS
w h L
(z) .~ . €~ N
g 2 ~—— —e—Si 20 e-N |
. ‘ ——Ti —o—8
T
0 . 1 1 L 0 le 1 1 ‘N
(] 38 78 11.4 152 19.0 0 38 18 11.4 182 190
- DEPTH (x 10"" atoms/cm?) .
Fig. 1. RBS depth profiles. of SisNe:Ti® (4 x 10'7/cm? at 190 ke¥]. Left,
substrate temperature (¢ 40°C; right, Substrate temperature approximately

900°C.
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At a fluence of 5 x 107 /cm? with 170 keV Ti ions, the hot iaplantation
profile (Fig. 2) looked more like a "sputter limited” curve, but w.th most of
the near-surface Si aissing. The fall off in the S5i profile as it enters the
Ti-rich layer suggests tkat the elemeatal Si might have moved to the surface

"then desorbed into.the vacuus during . implantatinn. The coaposition achieved
is that of a Ti-rich nitride layer merging continuously v1th a i nitride
_substrate.

" "TENM studies of the hot implanted SisNe (5 x 1017/ca?) shdved.rin-present
as both fine particles approximately 10-50 na in diameter (Fig. 3) and as
large graine several microns in size (Fig. 4). No amorphous material was
observed. SiaNe vwas detected in some diffractinn patterns, usually showing
<oherency vith any large TiN particles:present,. as seen ia . Fig..5... However,.
it cannot . be definitely ascertained from these results whether the pattern
arose from SiaN¢ present in ‘the implanted - layer -or ~"from. the underlying
substrate. : ' o

,.

“Fig. 3.7 ‘Back’ Field TEX micr ograph imaged ‘using the two inner rings {111 and
200) of the inset electron d1ffract‘pn pattern.' Siall¢ spots can be seen just’
inside the innermost (111) rinc.- ) - ' - :
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Fig. 4. Dark field TEM nmicrographic showirg a large Till grain. Inset’
diffractiof pattern shovs a (110) orientation for the grain. :

Fig. 5. Electron diffraction
pattern showing both SisN¢ and TiN
reflections. TiN pattern is (100),
and. SiaN. reflections show
coherency with TiN.

DISCUSSION

" Predictred Phases. An idealized model is presented here tor asse551nq the

phases expected in Ti-implanted SiiN¢. A- ternary phase diagram cdleculated for
the Si-N-Ti system at temperatures between 700 and 1G00*C is shewn i the

upper right of Fig. 6. Although calculated 'phasa diagrams are
oversimplifications, this one has beea shown consistent with phases observed

at 1009°C in Ti-metallized SisN«'2,

We have wused this diagram to compute the therqodynanxcally £*3ble phases
expected for Ti-implanted SiaN« assuming no elemental redistribution. The
compositions.obtained by alloying SiaNe with Ti fall on the daghed line drawn

. Zrom the Ti corner to SislN(. Implanting Ti at 170 keV to a fluence of "3 =

10'7 /ca? into SiaN« would give, to a first approximation, a gaussien proflle

with a peal coaceatration of about 60 at % centered 2+ 3 d°pth st 120 mm. oo

Using this gaussian profile (depicted schematically along the dashed iline), we
have calculated and rresented in Fig. 6 the phaces expected at each aepth. At
Ti concentrations up te 16 at %, S1:N« decomposes to TiNK and Si. At higher TI
ceacentrations, Sisiie 0o longer 3pp-ars but T silicides and Tig¥ zre progent.
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keY). Inset shows ternary phase diagrar for | Ti-NH-5i with schematic of
elemental Ti profile used to compute the phase profile.

[

Actual Phases. In fact, the only two phas:s observed for the highest fluence
(5 x 10'7/ca?) hot implanted SiaNe were TiN and SisNe. The TiN phase would
account for the golden coloration observed on the hot-implanted surface. The
precence of coherent, crystalline phaces and the absaace of amorphous material
in the implanted layer is attributed to hot implantation. Room temperature
" implantation of Si-based covalent ceramics such as SiC and Sialon produces an
amorphous phase at fluences two orders of magnitude lower than used here.?
Thus, hot implantation in the 900°C temperature range can provide sufficient
defect annealing to produce crystalline surfaces. The absence c¢f. Ti silicide
phases or Ti:N may be due to a non-ideal composition: The peak Ti
concentration is lower than predicted (40 vs 60 at \) and substantial
_quantities of ' Si have bean lost from the implanted layer. Aithough not
exarined in detail in this study, Si depletion has previously been seen from
silicidest!? and 5iC'* heated in vacuum above 800°C and during sputtering of
Ti-iaplanted 5i3N..7
, A reexamination of the ternary phase diagraz (in Fig. 6) for Ti implanted
into a Si-depleted S1aNe, i.e. the actual coaposition of the implanted layer,
would nov predict high concentrations of TiN and some Si1aNe, as observed and,
perbaps, free N (e.7. N2 gas). And, in hindsight, the teinary phasc diagram
could have forevarned of possible 3i redistribution. Free Si, according to
the ternary phase diagram, is a thermodynamically Stable decomposition product
of the Ti/SisNe reactiou. By cortrast, tree Si is not a stable decompositior
product of 3iC alioyed walh fi,i> aué parallel studies conducted 64 Ti-
implanted SiC showed no S1  solute redistribution under identical ‘' hot

rxplantation cenditions?. Ternary gphase diagrams, theretore, should be
- L . . . . . [ v .

viaruabte  tor srzraicting solute redistribution during high tempcrature

inplantation of  alioys wiere clemental constitnents, and not cempounds, are

stable decomposition peednots v



SUMMARY AND CONCLUSIONS

A crysrailxnc TiN layer has been formed 1in the surface of 'SizNs by
implanting Ti to high flucnces into a beam-heated substrate.’ The TiKH layer
~ merged continuously into the wunderlying SiaNe substrate and, in places,

exhibited cohe-¢.ce with SizNa. This composition was brought about by the
loss of Si from the implanted layer. Ternary phase diagrass proved useful in
accounting for both the phases formed and the Si solute redistribution.
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ABSTRACT

The surface mechanical behavior of ion-implanted SisN, and SiC has been
investigated by indentation (racture techniques. . Ti ions were implanted to a high dose
(near 50 2t.% peak concentration) into substrates at room temperature and at 900°C. In
a sintered. alpha-SiC, implantation reduced the grain pullout, circumferential cracks and
microstructural control of radial cracks characteristic of Vickers indents in nonimplanted .
surfaces. Implantation was particularly cffective in reducing the surlace brittleness
caused by heating SiC substrates to 900°C in vacuum. Implantation into a hot-pressed
SisN, ceramic reduced the critical load for sadial cracking under Vickers -indentation .
from about 10 N to | N and decreased the indentation fracture toughness values for
SisN, substrates implanted at room temperature from S to .less than 4 MPa-m¥2, On the
other hand, room temperature implantation apparently produced compressive .stresses
sufficiently large (o close pores on the surface and considerably reduced microstructural
control .of propagating cracks. Both implanted and nonimplanted surfaces of SiyN,
exposed to high temperatures in the vacuum became embrittled, developing a quilt-like
texture, with patches from 20 to 50 um in diameter. XPS depth profiles indicated that

-heating in vacuum depleted the subsurface of oxygen (presumably'from the grain

boundaries). The depth profiles also indicated that TiN and TiC formed during high
temperature Ti implantation of SiyN, and SiC, respectively.

1., INTRODUCTION . . o

- Ceramics, by virtue of their light weight, high strength, thermal stability and hot
hardness have great potential as triboelements in moving .mechanical assemblies.
However, ceramics generally have rather poor surface mechanical properties: they tend
to fail catastrophically by surface chips, cracks, and by releasing sharp abrasive particles
with subsequent high wear rates Moreover, engineering ceramics are not monolithic
solids i.e. they have many other phases (glasses, sintering agents, milling impurities), and

- these othér phases can and often do control both surface mechanical properties and s

oxidation behavior.. This research effort was undertaken to understand the surface-
controlled failure modes of engineering ceramics operating at high (850°C) temperatures,

“with the goal of designing surface (reatments capable of improving tribological behavior.

lon implantation is 2 surface treatment capable of modifying the tribomechanical
behavior of ceramics. Researchers at Oak Ridge National Laboratory! in the USA and at
Cambridge University? in England have demonstrated that ion implantation can incredse
{or decrease) hardness, increase fracture toughness and reduce friction. To date,
however, most research has focused on single crystal ceramics, and virtually nothing is
known about the effects of ion implantation on engineering ceramics. This research
- program was undestaken with the purpose of identifying ion implantation treatments that
improve the surface mechanical properties of cngmccrmg ceramics . cxpuscd tg an Y
. oxidizing environment. '

Enel: (1) to 6170-32




e .. ESK high-density . SC < 12,7.89.10.

During the first year of the program, experimental and theoretical studies were

. performed both a: NRL and at Cambridge University in England (with Dr. Trevor Page

. and coworkers), .- The work at- Cambridge, :which is the focus of this report, concentrated
on determining the surface mechanical behavior of ion-implanted as well as CVD-coated
engineering cerasmics. Surface analytical and mechasical studies were performed. on two-
of ‘the engineering ceramics, SiC and SiyN,, under consideration as- bearing materials in
the DARPA/Hughes “Solid Lubricated Ceramics® program. (The substrates were provided
by Mike Gardos of Hughes Aircraft). Givea the limited amount of time and the vast
aumber of implantation parameters that could be varied, an implantation “design®
philosophy was followed for improving surface mechanical properties. Ceramics were
implanted with ions selected to produce unique (i.e. unobtainable without ion
implantation) phase mixtures: Hence, Ti ions were implanted into SiC or SisN, to very
high doses in order to form tough TiC- or TiN-like surface phases within the more
brittle .matrix; . A! ions into SigN, to produce sialon-like compounds; N .ions into SiC and .
C into Si,N‘ to produce Si carbonitrides. The metal implant treatments were also
expected 10 improve ‘adhesion of aitrice or carbide hardcoatings to the ceramic surfaces,
eg. TiC and TiN coatings on Ti-implanted SiC and SiyN,, respectively.

This report covers the preliminary studies on the room-temperature surface
.mechanical properties and compositions of ion implanted substrates. (Reports on the high
temperature mechanical propertics and oxidation behavior will follow.) Section 2 presents
the implantation parameters chosen and the ion concentrations expected, the indentation
hardness and tougnness methods used, and the surface analytical techniques employed.
Section 3 presents both qualitative and quantitative evaluation of the surface mechanical
properties of Ti-implanted and nonimplanted SiC and SiyN, substrates. It demonstrates
that ion implantation can produce unique surface alloys on ceramics with both
outstanding and poor tribological properties. But more importantly, the investigation
uncovers many of the potential failure modes of these engineering ceramics and provides
an approach to improve their surface mechanical properties.

2. EXPERIMENTAL
2.1 Substrates ) ..

SigN, and SiC substrates were provided by Mike Gardos, Mughes Aircraft Co. The
substrates were rectangular solid blocks, | ¢m x 1 cm x 0.5 or 0.3 cm thick, from '
batches of materials listed in Table |. Selected substrates were given identification .
numbers then diamond polished (10 #3 diamond) in order to obtain 8 reproducible [inish, -
To the naked eye, the substrates had a shiny black finish., However, under high
magnification of an optical microscope, the surface showed polishing pits, pores and

-~ perhaps second phase compounds.

TABLE I: SUBSTRATE MATERIAL AND IDENTIFICATION NUMBERS FOR ION
IMPLANTATION STUDIES.

ENGINEERING MANUFACTURER/TYPE SUBSTRATE IDENTIFICATION

CERAMIC ' PREFIX NUMBTRS

SigN, Norton NC132 SN 12.00,02,13,14.20,0°
..-MgO Hot-Pressed

.
e,

sintered alpha .
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2.2 lon Implantation

-

Implantation parame(ers were chosen in order to achneve nearly equal concentrauons :

"of ‘implantation-induced and bulk phases for each of the thrée ‘implanted species: Ti* . Al*
After implantation at a single energy, implanted mns

" and C* (in SisN,) .or N* (in SiC).

.are distributed in a2 Gaussian-like. depth profi ile, characterized by -a prouected range, R

and a straggling range, dr,?
located at Rp

--and - may be calculated -and expressed in at. % as follows:

- [c]mu - Np / Nb x
or

(Cluas = Ny / (N, + Ny).x

100

100

. The maximum concentrations of implanted .ions, (C]m,. is’
the depth of the Gaussian peak (hereafter referred to as lhe peak dep(h)

(1a)

(16)°

where N, is the maximum density of implanted ions, given by

N, = 0.4 x dose / dR,

and N, is the density of the bulk material.
maximum concentration whereas (1b) gives a lower limit (it assumes complete
‘substitutional dilutior of .the substrate atoms)
9.54 x 1022 at/cm® and 9.64 x 10%? at/cm?,

Q)

Eq. (la) gives an upper limit of the

Atomic densities for SiyN, and SiC are
respectively, Table 2 gives the implantation
. parameters used in these calculations, as well the Joses chosen to achieve nearly equal

concentrations of implantation-induced ard bulk phases for each of the implanted species.

TABLE 2: IMPLANTATION PARAMETERS AND PREDICTED RANGES AND

-------------------------------------------------------------------------------------

sunsrmn: ION  ENERGY DOSE RANGES - CONCENTRATION®
(keV) (x 1017/cm?) -(:.:) (::)P. (at. %)

SN, Tt 50 . ne 3. N-as

SiyN,  AI' 110 4 ns 37 11-45

Si;N, C* 7 4 148 33 34-50

SiC. Ti* 190 4 e 3¢ 32-46

sic Al* 190 4 Hs 35 32-47

sic ¢ 85 4 150 34 33-48

* Low and upper limits, sec Eqs (l6) and (la), respe-tively.

lon implantatiori was performed at NRL in a Varian/Extrion high current implanter.
Base pressures before implantation were in the 10°7 Torr range.
were prepared at each implantation condition: one set was. maintained at room

CONCENTRATIONS FOR ION !MPLANTED ’SiaN, AND SiC

Two sets of substrates, -

temperature during implantation while a second set was implanted “hot”™ “Hot®
implantation denotes direct heating of the substrates by the intense ion beam and is



achieved by (hemially isolating the substrates, ¢.g. by suspending the substrates 'in a2 Mo
- sheet basket, during implantztion. The substrate is therefore given what might bé called

. .-2 "vacuum annealing” trcatment. - An optical pyrometer- was ‘used to ‘monitor the

" temperatures of the substrates during implantation. For both cold and hot implantation
conditions, substrates were masked in order retain a- nonimplanted area of each surface. .
" Table 3 identifies and lists the implantation conditions for each of the substrates.

TABLE 3: IMPLANTATION CONDITIONS FOR SiyN, AND SiC SUBSTRATES

- - - - - . . - e e " T W W R Y 4p e e P W ..

SUBSTRATE ION IMPLANTATION FLUX
PARAMETERS
ENERGY DOSE : -
(keV) (x 10'7/cm?)  (uA/cm?)
""" s T T e T T e T
sC7 Ti* 190 4 5
SN12 Ti* 190 4 38
SC8 Ti* 190 4 38
SN1 Al* 110 4 4 st
SC1 Al* 110 4 51
SN2 Al* 110 4 63
sc2 At om0 4 e
SN13 c* 75 | 4 RSN
SN14 c* 75 4 19
SC9 N* 85 4 32
SC10 N* 85 4 16
-2 Not measured.

.....................................................................................

2.3 Indentation Hardness and Toughaess.

Knoop and Vickers hardness tester(s) were used to evaluate the surface mechanical
propertics of the nonimplanted, Ti-implanted, ion-milled and vacuum-annealed surfaces.

SUBSTRATE
TEMP.
Q)

<40

<40

-

500
<40

460

-

The near-sn.rface hardness was measured with 2 Knoop indenter loaded with 1S gf and 10

gf. respectivaly, for SiC and SiyN,. At these loads, the Knoop indenter penetrated 200-
300 nm into the surface, comparable to the implantation depth (although the indenter

samples the hardness to a depth about 4 to 10 times greater).

The load above which radial cracks appeared around Vickers indentations i.e. the
critical 'load, P*, was determined by observing indents from loads of 100 gf upwards.

2
-y
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Indentation toughness values were determined according to the method proposed by Lawn

-

et al* and critically evaluated by Anstis et al®, Dy this method, one measures the radial

craek length <, at a guven load, P and computes the _indentation toughness as:
| K, = oons x BV, ()

We . have chosen to 'use a constant (E/H). value--for each of the calculations, even

H values were measured, because of the uncertainty in measured H values and the

though

unavailability of a value of E. for our substrates. The ratios chosen were taken |from

Anstis' compilation of materials property data and are given below:

TABLE 4' ELASTIC MODULUS AND HARDNESS YALUES USED IN INDENTATION
' TOUCHNESS CALCULAT!ONS (TAKEN FROM ANSTIS ET AL‘)

...........................................................................

MATERIAL . E (GPa) H (Gl’a) E/H
SisN, 300 18.5 16.2
SiC 436 24.0 18.2

LR R R L R R O L L L L e P P T L TR Rt E L

2.4  Surface Analysis.

The near surface composition was investigated by Energy-Dispersive Xray Af

alysis

(EDX) and by Xray Photoelectron Spectroscopy (XFS). EDX was performed in dqn [SI-200
scanning electron microscope (at NRL) to determine the concentrations of implanted Ti

retained in the four substrates. A 20 keV electron beam, rastered over a 20 um

x 20 u.n

area, gave sufficiently good signal-to-noise ratios (10:1) to perform this measurement.
XPS was performed. with -monochromatized- Al- Xrays -in- a -Surface -Science Labora oty " T

(SSL) small-spot analyzer. . Sputter depth profiling was  accomplished using 3 keV
bombardment.  lon milli.g rates were 14 nm/min, based on depths of the ion-m

Ar* ion
lled .

" craters as measured by Michelson interferometry.. Data.analysis was performed using SSL

software routines. Binding energy/depth ciufiles were obtained directly from the
‘acquired data. Composition vs depth profiles were quantified using Gaussian fits
phetoelectron spectra and normalized using SSL's modified Scofield cross sections.
3. RESULTS AND DISCUSSION

“3.1 Surfsce Mechanical Properties of SiC.

~Siirface_morphology. Polishing ‘produced a.shiny black ‘surface .as seen- by th

to the

naked eye. However under a microscope, the polished surface was seen to comaFn many

pits and protrusions. Indentation studies indicated that the surface was very brit
Grain pullout, circumferential and radial cracking occurred at low loads (<100 gf)
Vickers diamond indenter. Cracks propagated along pores, second phases ot graid
boundaries, indicating that the toughness of the surface is controlied by the near

le.
with a

surface

microstructure. Fig. | shows the surface morphology and the various crack patterns in
and' around a Vickers indentation (at 5 kgf) on a polished, nonimplanted Sil surface.

Similar microstructural control of indentation fracture has been observed by Naylc
A..Page in hot- pressed and reaction bonded: Si€C substrates:

r and .



Heating the SiC substrate in vacuum to a temperature of about 900°C- smoothed the

surface -considerably, but also: increased the brittleness of the surface. Around Vickers
_indents, the radial cracks became more jagged and' circumferential cracks more .
pronounced. These features are ‘readily seen in the SEM stereo micrographs of a Vickers
"indent (at 500 gf) in the nonimplanted portion of the vacuum heated substrate SCs,
shown in Fig. 2. At higher loads, chunks of material often popped out of the indented
surface. . : BT s A

. Both cold and hot: Ti implantation into SiC substrates greatly reduced grain pullout
and circumferential cracking and decreased the microstructural control of radial crack
propagation. In Fig. I, very different crack patterns are seen around a § kgf Vickers
inderit in the nonimplanted and Ti-implanted substrate SC7. The increased toughness
provided by Ti implantation at the high temperature is secn cven more dramatically in

~ Fig. 3, which shows Vickers indents (at 5 kgf) in the implanted surface and in an ion-
milled crater of substrate SC8. [The ion milled crater represents the SiC surface but
with the Ti* layer (about 280 nm thick) removed.] On the Ti* surface, chipping was
suppressed and radial cracks ran on straighter paths. 4

TABLE $: SURFACE HARDNESS (IN GPa) OF Ti-IMPLANTED SiC.

O o o o e o P e e - - = R - n e e = . e -

Substrate .. Area Indented . Surface Hardness
T HK(15 ef) # of hits
sC1- " nonimplanted ) 42 + 2 6
Ti* 24 + 2 b1
ion milled crater 29 &+ 2 3
sCs . 4..- nonimplanted. . = . | .. 45 ¢ 3 6
Tt : S 38+ 5 5
ion milled crater . 50 £ | 3

W L - = S . o -

Suiface Hardness, The near-surface hardness of the SiC substrates was measured by
a Knoop indenter loaded with 15 gf. The indenter penetrated 200-300 nm into the
surface, comparable to the implantation depth (although the indenter samples the
hardness to a depth about ‘4 10 10 times greater). As seen in Table 5, Ti implantation
appears to have lowered the surface hardness of SC7 but not as much for SC8. It also
appears that SCB. the substrate heated in vacuum, may be somewhat harder than the
original substrate. However, one cannot rely too much on the calculated hardness at
these loads, because of 1) the difficulties of measuring endpoints of indentations only 8
_to 10" um long, and 2) the increased plastic flow observed in implanted surfaces.




TABLE 6: CRIT!CAL LOAD (P° ), INDENTATION TOUGHNESS AND HARDNESS OF Ti-
IMPLANTED SiC.

- " ) D D " P P TP P T D A D T D A D L SO D D G e D D D A Y L P 4P P W - -

Substrate P’ Area Ind:nted Load - Indentation - Hardness HY -
0 (n-kgf) T . - .. (in kgf) Toughness K, - -
S S e (in Ml’a-m'/s (m GP:)
. SCT 0.3 . nonimplanted - 1.0~ 4.3.4°05 "29 s 4
: 0.3 Tit ‘ 40 £ 04
' nonimplanted 5.0 35 £ 06 23 £ 3
Ti*t | L 35 +.05 .
SC8 - - - 0.1 - ' nonimplanted '0 4.7‘ + 03 27 £ 2
0.1 Ti* 40 + 05
. - nponimplanted 5.0° 44 + 0.7 27 £ 2
Ti* 38 £ 05

Touphness and Hardness. Indentatior. toughness measurements were performed
with a Vickers indenter at loads from 0.1 to 10 kgf. The critical lcad at which surface
radials appeared, P, and indentation fracture toughness are given in Table 6: and, for.
completeness, HV values are alzo given. Note that the Vickers indenter, at 5 kgf,
penetrated about 6 pm.  First, it is seen that P* hot < P* at room temperature. This

-is consistent with the more brittle nature of the hot implanted SC8. Second, P .is the. -

same for non and Ti-implanted surfaces, on both room temperature and hot implanted
substrates. Third, the K. values of the nonimplanted and Ti-implanted room temperature
substrates were nearly the same, suggesting that implantation does not significantly
affect the radial crack system. A similar conciusion was reached by Roberts and Page

 for N-implanted ~Si€°- Gt e e SR

Fmally. an increase .in measured shardness at’ Iower loads can’ be - seen f'or the SIC

..foom . temperature substrate.. The rise -indicates -an - indentation - size effect (ISE) index <

2, as is well documented for ceramics®. It is interesting that no change ‘in measured
hardness w:th load ‘was seen in (he subs(rate heated to high. temperatures.

3.2 Surface mechanical 'p.'db.erties‘of SigN,..

Surface_Morphology. Polishing left the SigN, surfaces quite pitted, and in ccrtain

s areas, particle-like protrusion cculd be seen. (These are seen in Fig. 4 and will be

identified later.) Indentation studies showed that the ‘hot-pressed SigN, (NC132) surface

-was quite resistant 10 =racking; . 'radial cracks did. ‘not form until loads of about -1 kgf,

and chipping was uncommon., ‘Room temperature implantation of Ti decreased the critical
ioad for radial fracture considerably. The optical micrographs in Fig. 4 of Vickers indent
(at 500 gf) in SNII show radials in the Ti-imylanted surface but not in' the polished or
ion-milled surfaces. It is quite clear that Ti implamation reduced the resistance to
surface radial fracture, but when the implanted layer was removed, the radial fracture
resistance veturned.

-

On the other hand, Ti implantatior at room temperature produced large compressive,

-stresses,- sufficiently large -to-close polishing- pores on ‘the surface. " Implantation also

reduced considerably the microstructural control of propagating cracks. These two

it = e
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effects are eas:ly seen in Fig. 5, optical micrographs ol' Vackcrs indents (al 10 Kkgh) m
nommplzmed md T:-nmplamed SNIIL.

Heatmg SigNg to hlgh temperaturcs in vacuum completcly embrmled the surface

Fig. 6 shows both optical and SEM micrographs of surfaces of SigN, heated to 900°C in
vacuum. . Heated surfaces developed a network of cracks, with -quilt-like patches from 20
to 50 um in diameter.’ Crack propagation around -indentations followed the crazes of the:
patchy surface. - Curiously, though, vacuum heating caused the SiyN,, like the SiC,

" surfaces to become smooth. Lastly, implantation of Ti had no discérnable effect on the
surface mechanical properties of vacuum heated SisN, substrates. However, it did change
the color of the surface from shiny black to gold, suggesting that TiN had been formed.

TABLE 7: SURFACE HARDNESS (IN GPa) OF Ti-IMPLANTED Si)N,.

. 8 - . e > S . - = - - - - - - -

Substrate .Area Indented Surface Hardness
HK(10 ef) # of hits

- - - - > o e e - e S e e = A - W o -

SN1} nonimplanted 29 £+ 6 5
(cold) Ti* 23 £ 5 5
ton milled crater 24 + 4 )

SN12 . nonimplanted . 23 '+ 7 S
(hot) Tt : 28 + 2 5
' jon milled crater 26 ¢ 7 5

- - " " - T W e e = - .

Surface Hardness. The near-surface hardness of the Si;N, substrates was measured
..by. a--Knoop -indenter at-a load of .10 gf. The indenter penetrated 200-300 nm into the -
. surface, comparable to the implantation -depth (although the indenter samples the

hardness to a depth-about 4 to [0 times greater). - As seen in Table 7, Ti implantation
.may have lowered the surface hardness of SNII, the room temperature implant, but raised
the hardness of SNI12, the substrate heated in vacuum. The surface hardness of SNII
and SNI2 is not, however, very different, unlike the hardness values for SC7 and SC8.

TABLE 8: CRITICAL LOAD (P'), INDENTATION TOUGHNESS AND HARDNESS
'OF Ti-IMPLANTED Si;N,.

“Substrate P - Area Indented Load " Indentation Hardness HV

(in kgf) (in kgf) Toughness K (in GPa)

o : (in MPa-ml/}) - :

SN11 1.0 nommplamed 2.5 . 50 : 04 179 & 0.7
02 * 38 £ 95

nonimplanted 5.0 47 ¢ 04 16.3 £ 0.6
T 36 £ 03

SN12 <0.1 =7". nonimplanted 2.5 43 + 1.0 189 £+ 1.0
<0.1 Tit 29 + 0.2

. nonimplanted - 5.0 - - 37 £ 04 1839 = 1.0
Ti* 35 £ 05

.....................................................................................

-
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Tough nd H rdn " Indentation toughness measurements were performed wnh
- a Vickers mdenler at loads from 0.1 to 10 kgf. The critical load, P’, and indentation

fracture toughness and hardness are given in. Table 8.. First, in. the room temperature - - -

“" SigN, substrates, P* implanted << P nonimplanied, verifying that high dose Ti
implantation. pramoted surface radial ‘cracking in SigNg. .Second, the indentation. fracture
" foughness _values obtained from the rocm {emperature NC132 Sn,N. agree well with"

- published values for NCI32 SI:N‘ by .indentation techniques: Naylor obtained values from - °

4.0 to 6.2 MPa- ml/210 while Anstis, using the formalism leading to Eq. 3, obtained 4.0

mPa-m!2.1!_ Indentation toughness measurements suggest that the decrsase in critical

.load corresponds to a decrease in toughness. In room temperature substrates, Ti '

nmplantatxon caused a reduction in K_ of about 20 (o 25%. Thirdly, in the. high .

temperature SigN, substrate, P* was below 100 gf for both the non- and Ti-implanted

side, and- K, was also reduced significantly,” both presumably caused by the same effec(
) wluch produced the embmtled surface . appearance e :

Finally, the cold and hot Sx,N4 substrates showed the same measured hardness
behavior as did the’ comparably prepared SiC substrates. “The room temperature substrate

showed an increase in measured hardness at lower loads, hence an indentation size effect-’

(index < 2), whereas the hot implanted substrate again appeared to have constant
hardness. The mechanisms responsible for this increase cannot presently be explained.

33 Surf:ce Composmon

'EDX analxsn;, 'EDX" analysns was performed in order to assess the retention of Ti*
"ions in the SisN, and SiC substrates at the two temperatures and to identify the fine
particle-like features on substrate SNil (see Fig. 4) . The particles were found to

contain W and Fe, in addition to Si, suggesting that these are impurities obtained during
the ball-milling process of SizN,.

TABLE 9:: EDX ANALYSIS.OF Ti*-IMELANTED SiyN, AND SiC. SUBSTRATES - .

- - " " - - - S " > o A D s o v -

Substrate Couants Ratio
Si Ti
T 10000 80 . oo
SN12 10,000 580 0.058
SC7 10,000 540 0.054
) SC8 10,000 « 540 0.054

The retention of Ti* ions was assessed by comparing the Ti/Si ratios in the two sets
of SigN, and SiC substrates. The results, listed in Table 9, indicate that SiyN, ‘and SiC
retained  the same amount of implanted Ti at room and high temperatures. - The ratio for
SN11, which shows an anomalously high Ti retention, can be rationalized as follows: W-

"rich precipitates partially covered the SiyN, substrate, thereby masking the EDX signal

emanating from Si._.Since Ti was implanted into both precipitates and the Si3N,
substrate, its EDX . signal would not be attenuated. Hence, the increased Ti/Si ratio

_ doesn’t constitute excess Ti (a physical _impossibility),. but .rather an attenuated Si signal.

e
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. XPS of SiC, The XPS sputter depth profiles of the room temperature implant SC7
“.(see Fig..7) show the expected Gaussian-like distribution for Ti with concomitant dilution -
..of the Si.and. C. The maximum concentration of 42.at’ % at a depth of 120 nm is
~ consistent with the value.predicted 'in Table' 2. The [O] does not vary appreciably
throughout the implanted layer, except for 2 slight rise in.the Ti peak-depth region.
The rise there is probably a sputtering artifact; oxygen is probably preferentially
_sputtered from the SiC more than from the Si-Ti-C. The variation in -the Si/C ratio with ~ -
(Ti) also suggests preferential spuuenng of Sn m the Ti peak-depth reglon and of C-
(shghtly) in: the bulk SiC. .

The bmdmg energies for the three ma;or constituents of the’ mplantcd layer are
listed above the profile. (We note that SiC did not charge up during the XPS analysis.)
The Si(2p) peak shifted continuously from 100.2 eV to 99.2 eV at the [Ti] peak-depth and .
_.back.to 100.2 eV in. the -bulk. At the same time, the C(Is) shifted from 283.3 eV to 282.1
eV at the Ti peak-depth then back. The Ti(2py;,) shifted down in energy from about -
454.8 eV to 454.4 eV at the Ti peak-depth then back up to 454.7 eV as it disappeared.

XPS sputter depth profiles in vacuum-heated substrate SC8 are shown in Fig. 8. -
Although the Ti profile remains Gaussian-like, it appezrs less spread out than the room
temperature implant. The C and Si profiles do not appear to be simply diluted as they
were in the room temperature implant in Fig. 8. Instead, the [C] appears to remain high,
whereas the [Si] seems to have been displaced from the Ti peak-depth region. - Also, the
_oxygen is gone from the implanted region and below. This depletion is probably due to
heating of the substrate in vacuum and not an effect of implantation.

The binding energies for this high temperature implant are seen at the top of Fig.
8. Entering the Ti peak-depth region, the Si(2p) peak at 100.! eV (that of SiC)
disappears while one at 99.0 eV (that of Si) appears. At the same time, the C(lIs) line at
283.2 eV shifts down in energy and broadens, then disappears as a 281.7 eV line appears
. concurrent with increasing (Ti). - The .Ti(2pys) - binding -energy remams nearly. constant. at-
454.4 eV for all concentrations. (See Table 10 for binding encrgies of reference
samples.) -The binding energy shifts in Ti-implanted SiC suggest that the solid state
reaction .

SiC +Ti --> TiC + Si '
procceds as the Ti concentrauon increases. . This reaction likely forms a TiC layer in"
‘the” hot implanted substrate similar to that formed in steels during the “hot® implantation - - -

of Til3,

~TABLE 10. BINDING ENERGIES FOR PHOTOELECTRONS (PEs) OF Si, Ti, N AND C.

- " - - - > " - " - - T W e e = T P ST e W

PEs Meul Nilrlde Carbide

Si(2p) 99.12d 99 4b 102.1® 100.2¢,100.2¢
Ti(2pg,) 453.9* 454.9%,454.79, 454.8*

"N(1s) Temdacae LO397G {TiIN) 7 meeeeen '

C1s) = e mmmeae- 281.2%,281.1d(TiC)

_----_-_-_-__---------_-----_-------—-—_-—-------------------------------_-—----.

a  PHI handbook of Xray Photoelectron Spectroscopy (Perkin-Elmer, MN, 1979).

b L.Kubler, R.Huag. E.K.Hill, D.Rolmont and G.Gewinner J. Vac. Sci. Techrol. = A*
.. .4..(1986) 2323. e S
c Y.Mizokawa, K.M.Geib and CWW:Imscn J Vac Scn Technol A 4 (1986) 1696.

d Present author. C ’
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XPS of St ,E.,. Fig. 9 shows XPS sputter depth profiles of the room temperature
and hot implanted SigN, substrates, as weil as that of an electronics-grade LPCVD SigN,
film, shown for reference purposes. Perhaps the most notable difference between the

* cold-and, hot-implanted"SigN, substrates can be found in their oxygen profiles. (Recall
that the sputtering rates here are abcut 14 nm/min.) The oxygen quickly leveled off to
_near bulk value in the cold substrate. whereas it more slowly fell to zerc in. the hot
substrate Contmued sputtering on the hot substrate for hundreds of nms failed to .
detéct any oxygen. Hence, as with the SuC heatmg in vacuum tended to drive off
oxygen from the SigN¢ substrate. :

The XPS sputter depth profxle in the room temperature implant (see Fig. 10) shows
Ti distributed in the expected Gaussian-like distribution, with 3 peak concentration of
about '48 at. % at a depth of 120 nm as predicted in Table 2. The N and Si

_ ...oncenmuons drop .then rise. inversely. proportional .to the Ti concentration, indicating
that, the SigN, has simply been diluted by the implanted Ti. The N/Si ratio also varies
systemaucally with the Ti concentration: it increascs as the [Ti} increases. This variation,
however, is believed to be an artifact of the sputter depth profile process due to
preferential sputtering of N. The oxygen profile is somewhat unusual. Immediately .
below the surface there appears to be an enhanced {O] concentration which then falls to
zero (from a bulk value of about 4 at %) in the Ti peak-depth region. This profile is
interpreted as showing oxygen migrating out of the peak depth region during
implantation, but becoming trapped below the surface as it tries to leave. The
qonsequeg&qes of oxygen depleticn at room temiperature wiil be .'discussed iater.

- The changes in bmdmg energses of the Si(2p). N(1s) and .x(2p3,2) lines. with depth

in (he implanted region” are given in Fig. 10 ‘and shown in full detail in Fig. 11. (Note
that the spectra in Fig. 1l were not taken at equal depth intervals.) Si shows two _
discrete peaks: a 101.6 eV peak associated with SiyN, (see Table 10), which disappears in
the Ti implanted region: and a 99.1 eV metallic Si peak , which appears in proportion to
the, growth of [Ti). The. Ti peak appears.to shift from 4549 eV at low .concentrations to

' 4544 eV at hxgh concemrat:ons The simplest interoretation of. these shifts is that Ti is
bound as TiN for (Ti] < [N) and.as a mixture of TiN and Ti for [Ti] > {N]. "The N peak
also sh:fts from 397.6 eV at lowest {Ti] t0.397.0 at the Ti peak- depth this shift is. 4

' mterpreted as a change in bonding from Sn,N‘ to TiN.

The binding energies of Si and N abruptly shifted 2 - 3 'eV negative at 2 depth
where [Ti] fell below: a few at. %, indicative of charging. At this depth, the bindirg
energies were identical to those obtained with the insulating LPCVD SigN, film. Note, 2
however, that the binding energy data obtained in the implanted layer showed no
evidence of charging. - This is because Ti-implantation at these high-doses produces

~conductive surfaces on otherwise highly insulating ceramics. .

“XPS sputter depth profiles in SNI2,- the: SigN, substrate heated to approx. 900°C
during Ti implantation, are shown in Fig.12. ~ None of the elemental profiles resembles
those of the room temperature implantation of Fig. 10. There appear to be at least 3
layers passing from the surface to the Ti peak-depth region: first, a thin Si+N rich
- layer containing Ti and a small amount of oxygen; next a TiN/Si layer, (n. approximately -
equal concentrations; finally, a TiN layer diluted by Si. These phase identifications are

. also indicated, qualitatively, by the binding energies listed above the profiles and shown
in Fig. 13. The discrete binding encrgies in the three depth regions atiests to the phase
formation. A second feature of the sputter depth profile is that the {O] rapidly goes to

_zero, and remains there to at least twice that depth.. Recall .that. XPS sputter depth .. . ...
profiles ‘of the nonimplanted portion also showed no oxygen dcplcnon Therefore, it may



be concluded that substiate heating (in vacuum), and not ion implantation, caused the
oxygen depletion, : ‘

3.4 Conpositioa nd Surhce Mechnlcll Properties
1 . '

Ti ion umplanl:uon is capable of forming unique surface alloys in SiC and SiyN,.
XPS analysis has demonsirated that Ti bands replace Si bonds to both N-aad' C in Siy)N,
and SiC, respectively, At high temperatures and/or sufficiently high irradiaticn-induced
mobility, the atoms can redistribute allowing the thermodynamically stable phases to
form. According to the ternary phase dnagram for Ti-Si-N at 900°C , TiN is a stable
phase for (Ti] up to 50 at %, with Si then TiSi, stable by-priducts of the reaction!3.
The golden coloration of the hot Ti-implanted SiyN, substrate supports the interpretation
of the XPS data that TiN grains have been formed. I[n addition, the high dose
implantation of Ti produced an electrically conductive layer on the SigN, surface. .

XPS depth profiles also provide ncw% insights into the diminished toughness of ion
implanted SigN, substrates. Since most of the oxygen is likely present in the grain
boundaries and its absence leads to increased brittleness of the surface, it can be -
concluded that the toughness of SiyN, is controlled by the oxide phases present at the
grain boundaries. In the case of SiC, room temperature Ti implantation did not cause
oxygen depletion (perhaps because the Oxygen was more tightly bound by the Al
sintering agent) and resistance to chipping was increased.

: \

Heating either substrate in vacuum caused Oxygen depletion of both the implanted
and nonimplanted surfaces. This dcoxygchalion is likely responsible for tne increased
brittleness and hardness of the SiC and lor the disastrous embrittling of the Si;N,
surface. This is additional evidence that 'some of the plasticity (i.e. their ability to
plastically deforin without cracking) of these ceramic substrates resides in the oxygen-
containing phases.  As to the origin of the cracking, we note that the crack network on

SigN, resembles that seen in (dried). mud. after the water evaporates. . By analogy,. the -
SigN, surface may develop a crack network as the Oxygen is driven off by heating in
'vacuum. If this rather s‘mple hypotheses: were correct, however, it would be very
SUrprising since ceramiés are considered to be very stable in this temperature range (500
to 900°C) |

4. CONCLUSIONS AND RECOMMENDA{TIONS
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1.  The studies so far have demonstrated that it is possible to form metastable, if not - -
stable, compounds of pseudo-binary carbides and nitrides in ceramic surfaces.
Further studies on the effects of these phases on the oxidation behavior and

- subsequent surface mechanical properties are in progress.

2. . High dose, room temperature Ti-implantation can reduce the circumferential cracking
and surface fracture controlled by the microstructure (e.g. grain boundaries, pores,
...} in SigN, and SiC. However, indentation fracture toughness--as determined by
the length of surface radial cracks--is not reduced and may be incrzased when
‘oxygen-containing phases are depleted. -Further investigations of these effect.
should lead to a better understanding of the chemical basis for toughness in
engineering ceramircs, j

3. Hot implantation studies have indicated a chemical basis for embrittling ceramics at,
unexpectedly low temperatures. SIMS and SAM analyses will be performed on these
embrittied surface to identify the compounds responsible.for this embrittlement.
Since coating ‘processes such as CVD and PVYD subject SigN, substrates to high

|

1
|
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study in order to undesrstand and coatrol of deoxygenamn and embrmlemen( of
heated substme. R T .o s

L g

i
. =  temperatures under law pressure or vacuum conditions, it is important to pursue this

o
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SIMS DEPTH PROFILING OF '3C-IMPLANTED IRON =

Ref: - Code-6170-56:5H:al memo dated 30 Jan 87

I. On 27 January 1987 L. Singer, Code 6176, requested that sample 4 (reference (a)) be
depth profiled in a oxidized area of the surfacé and that the dcpth profile of sample 8
be repeated.

2. The samples were depth profiled with a CAMECA IMS-300 ion microscope using 5.5
keV Oy* primary ions at a primary current of 500 nA. The primary beam was rastered
over an area of approximately 500 x 800 um. In the center of this raster an area 250
um in diameter was analyzed. Because of the difference in size between the rastered and
analyzed areas the contributions of analyte atoms residing at the crater walls to the
detected signals were eliminated. Some details concerning the CAMECA IMS-300 ion
microscope are given in the appendix.

5. Figs. 1, 2, and 3 show depth profiles for mass 13 (l3C*). mass 54 (54Fe*), and mass

72 (56Fe'60") of samiples 4 (oxidized area), 4 {(nonoxidized area), and sample 8,
respectively.  As may be scen the no significant differences are observed in the depth
profiles of the oxidized and nonoxidized regions of sample 4. The differences in absolute
signal levels may be attributed in a slight drift of primary current during the analyses.
Of interest is the fact that the oxidized surface actualiy shows a lower FeO' signal
relative to Fe*. The sample 8 profile no longer displays the high signal noise of the
previous analysis and now has a signal/noise ratio comparable to the other profiles.

4. Appendix:

The CAMECA IMS-300 ion microscope employs an energetic (0-10 keV) primary
ion beam (typically Oz*, Ar*, or O~) to analyze solid materials. The interaction of the
primary ions with the sample erodes the target surface liberating secondary ions which
are subsequently mass analyzed. The instrument design is such that the latera!
distribution of the secondary ions is reformed at the detector resulting in a magnified
mass analyzed image of the sample surface. This image may be observed visually or
recorded on electron sensitive film with a field of view of 250 microns and a lateral
resolution of one micron. The ion microscope is also capable of providing a three
dimensional characterizalion of solids by monitoring the secondary ion signal of iaterest
as a function of time. Provided the sputter yield (sputtered atoms/incident ion) is
constant (or the layer thicknesses of a heterogeneous sample are known) this time scale
may be convericd 1o a depth scale by measurement of the crater depth. Crater depth

-measurcments are normally made in this laboratory by interferometry. Secondary ion

mass spectrometry (SIMS) is capable of detecting all elements in the periodic table, with
detection limits in the ppm to ppb range. With proper standards, quantification may be
performed with accuracies of - 10% or less. The instrument is normally operated as a
low resolution mass spectromcter (M/M = 300), but may also be operated in a high
resolution mode (M/M = -2500).

B
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SIMS DEPTH PROFILING OF !3C-IMPLANTED IRON

On approxnmately 16" January l9£4, I Smger Code "6176, submitted’ thre¢ samples For
annlysns by secondary ion mass s?ectrometry These samples consisted of Fe substrates
which had been implanted with 3c. Sample 4 had been implanted at an energy of 70 °
keV, sample 12 at 190 keV, and sample 8 ai both of these energies. Of interest was the
depth distribution of 13c.

2. The sample was depth profiled with a CAMECA IMS-300 ion microscope using 5.5 keV
O>* primary ions at a primary current of 400 nA. The primary beam was rastered over
an area of approximately 500 x 800 um. In the center of this raster an area 250 um in
diameter was analyzed. Because of the difference in size between the rastered and

analyzed areas the contributions of analyte atoms residing at the crater walls to the

detected signals were eliminated. Some details concerning the CAMECA IMS-300 ion
 microscope are given 'in the appendix. .

3. Figs. 1, 2' and 3 show depth profiles for mass 12 (12C+) mass 13 ('3C+) mass 54 _
( Fe") and mass 72 ( 6Fe”’O") of samples 4, 8 and 12, respectively. As may be seen
the level of 12C which would be present as a contaminant is below the detection limit.
As the profile of sample 8 was taken between those for samples 4 and 12 and since all
samples were analyzed one immediately after the other, it is unlikely that the noise in
the secondary ion signals are an instrumental artifact. This noise may have been caused
bv slight surface charging due to a high carbon concentration produced by the deeper
implant diffusing to the surface and possibly forming small islands of an insulating phase.
This is presently a subject of investigation.and any significant results will be presented
in a later report. Even with the decreased signal/noise ratio it is apparent that the high
energy implant in sample 8 has migrated closer to the surface.

4, Appendix:

The CAMECA IMS-300 ion microscope employs an energetic (0-10 keV) primary
ion beam (typically Os*, Ar*, or O7) to analyze solid materials. The interaction of the
primary ions with the sample erodes the target surface liberating secondary ions which
are subsequently mass analyzed. The instrument design is such that the lateral
distribution of the secondary ions is reformed at the detector resulting in a magnified
mass analyzed image_.~6f'~the sample surface. This image may be observed visually or
recorded on :lectron sensitive film with a field of view of 250 microns and a lateral
resolution of vne micron. The ion microscope is also capable of providing .a three
dimensional characterization of solids by monitoring the secondary ion signal of interest

" as a function of time. Provided the sputter yield (sputtered atoms/incident ion) is

constant (or the layer thicknesses of a heterogeneous sample are known) this time scale
may “be convrrted to a depth scale by measurement of the crater depth. Crater depth
measurements are normally made in this laboratory by interferometry. Secondary ion
mass spectrometry (SIMS) is capable of detecting all elements in the periodic table, with
detection limits in the ppm to. ppb range. With proper standards, quantification may be

- .performed .with accuracies of ~-10% or less. - The instrument is normally operated as a

low resolutior mass spectrometer (M/M = 300) but may aiso be operated in a hlgh
resolutnon mou:. (M/M = -2500).
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SIMS DEPTH PROFILING AND IMAGING ANALYSIS OF
EHRUME PLATED NICKEL SAMPLES

1. On 30 December 1986, I. Singer, Code 6176, submitted two samples for
analysis by secondary ion mass spectrometry. these samples, labeled C-49
(work hardened) and N-16 (non-work hardened), consist of chrome plated

nickel substrates wh1ch show surface crack patterns. Of interest was the

-lateral. distribution oﬂ species having a significant secondary ion signal and the

relative concentratxond and depth distribution of oxygen in the two samples.
2. The samples were aJalyzed with a CAMECA IMS-300 ion microscope usinyg
5.5 keV Ar’ primary ions at a primary current of 500 nA (C-49) and 1.0uA (N-
16) for depth profxles‘and mass spectra. The primary beam was rastered over
an area of approximately 500 x 800 um. In the center of this raster an area
250 um in diameter was analyzed. Because of the difference in size between .
the rastered and analyzed areas the contributions of analyte atoms residing et
the crater walls to the detected signals were eliminated.
i

Imaging analysis aas performed by recording the secondary ion image on
electron sensitive Fllm. Images were taken at a primary current of 1.0 uA
with the beam rastered over an area slightly greater than 250 x 250 um. Some
details concerning the CAMECA IMS-300 ion microscope are given in the
appendix.

3. Figs. 1 and 2 show depth profiles of mass 16 (0%), mass 39 (x*), and mass
52 (Cr”) for C-49 and N—16, respectively. As may be seen in both samples the
oxygen is near background levels. Sample N-16 however, does shaw a higher
mass 39 signal level, relatxve to mass 52, than sample C—A9

Mass spectra takeA of the samples N-16 and C-49 show significant
secondary ion signals (greater than 1000 total counts) indicative of Ni, Cr, K,
and Na.

An index of the 1mages taken of the sample surfaces is given in Table I.
An image of the Al focu51ng grid is provided for scale. The grid spacings are
25 um. The change in the mass 39 image of N-16 from the "peak shaped -
structures to the "crack pattern” is most probably due to the eroding action of
the primary ion beam., Whether the "crack pattern” is the cause or a product
of the surface cracking is presently unknown. A more in-depth study of these
samples is planned and will be detailed in a subsegquent report.

4. Appendix: 1

‘The .CAMECA IMS- 300 ion mlcroscope employs an energetic (0-10 kev)
primary ion beam (typically 0., Ar™, or 07) to analyze solid materials. The’
interaction of the primary ions with the sample ercdes the target surface
liberating secondary ions which are subsequently mass analyzed. The

GEO-CENTERS. INC.




instrument design is such that the lateral distribution of the Secondary ions is

reformed at the detector resulting in a magnified mass analyzed image of the

sample surface. This image may be observed visually or recorded on electron

"sengitive Film with a field of view of 250 microns and a lateral resolution of

one micron. The ion microscope is also capable of providing a three

dimensional characterization of solids by monitoring the secundary ion gignal °

of interest as a function of time. Provided the sputter yield (sputtered
atoms/incident ion) is constant (or the layer thicknesses of a heterogeneous
sample are known) this time scale may be converted to a depth scale by
measurement of the crater depth. Crater depth measurements are normally .
made in this lasboratory by intetferometry. Seccndary ion mass spectrowetry
(SIMS) is capable of detecting all elements in the periodic table, with
detection limits in the ppm to ppb range. With proper standards,
‘quantification may be performed with accuracies of approximately 10% or less.
The instrument is normally operated as'a low resolution mass spectrometer
’A(M/M)= 300), but_may also be operated in a high resolution mode (M/M =~
2500). ' .. ' - : . -
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IMAGE

SAMPLE

C-49
C-49
N-16

N-16

N-16
N-16

Grid

MASS

16
39
16
39
S5e
39
s2

27

TABLE 1
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SIMS DEPTH PROFILING OF 304 STAINLESS STEEL AND Fe/C STEEL ~

I ~'On 18 Febriary 1987 I. Singer, Code 6176, sibmittéd two samples, one a ‘samiple’6f ~~ - "
304 stiinless steel, labeled 304SS, and the other a sample of FeC steel, labeled QQTS508,
for analysis by secondary ion mass spectrometry. - On 19 February 1987 a third sample of
Fe steel, labeled 35 was also submitted. The first two samplcs had been implanted with
N* in an atmosphere of 13CO 10 a fluence of 55 x 1017 atoms/cm2 the third sample had
been implanted with N* to a fluence of 4 x 10! atoms/cm under normal vacuum
. conditions. Of interest was the depth distribution of ! C and 1 N.

2. The samples were depth profiled with a CAMECA IMS-300 ion microscope using 5.5
keV Oa* primary ions. The primary beam was rastered over an area of approximately 500
x 800 um. In the center of this raster an area 250 pm in diameter was analyzed.
Because of the difference in size between the rastered and analyzed areas the
contributions of analyte atoms residing at the crater walls to the detected signals were
eliminated. Some de&anls concerning the CAMECA IMS-3006 ion mxcroscope are given in
the appendix.
3. Fig. l shows a depth profile of 304SS for mass 12 (12¢c*), mass 13 (lZCH+ 3¢,
mass 14 (14N*), mass 50 (°0Cr*), and mass 57 (°7Fe*) taken at a primary current of 300
nA. Two features of note in, this profile aré that the mass 57 signal follows the N*
signal. This is most likely due to a matrix effect caused by the presence of nitrogen. A
second feature is that the mass 13 signal decreases at the backside of the nitrogen
implant. The cause of this is not Known at present. Causes that have been speculated
are diffusion of 13C throughout the rmplanted region or the presence of hydrogen in the
implanted region contributing to the 2cy+ 'signal. Fig. 2 is a second profile ¢f 304SS
taken on the following day to confirm the reproducibility of the mass 13 signal decrease.
Fig. 3 is a profile of the front side of the 304SS nitrogen implant performed at 2
primary current of 100 nA. - Fig. 4 is a depth profile of QQT580 taken under the same
conditions and immediately following the profile shown in Fig. 1. Although a mass 50
'signal is seen in this profile, isotope ratio measurements do not verify that the signal is

, due to the presence of Cr. Fig. 5 is a depth profile of the front side of the QQT580 .
nitrogen implant performed at a primary current of 100 nA. Fig. 6 is a profile of the
front side of nitrogen implant in sample 35. Of interest was the apparent mass 14
(|‘4N*) peak before the nitrogen implant. Although a peak in the mass 14 signal does
appear, no. conclusions- concerning the nitrogen concentration can safely be drawn as the
ion yields in this near surface region, as evidenced by the mass 57 signal, are changing
greatly as -a result of surface contaminants being sputiered and the implanted oxygen - -
concentration attaining steady state. ‘

. 4.  Appendix:

The CAMECA IMS-300 ion microscope employs an energetic (0-10 keV) primary
- ion beam (typically Oz%, Ar*, or O7) to analyze solid moterials. The interaction of the
primary ions with the sample erodes the target surface liberating secondary ions which
.are subsequently mass- analyzed. The instrument design .is.such - that the. lateral - .
distribution of the secondary ions is reformed at the detecter resulting in a magnified
mass analyzed image of the sample surface. This nmage may be observed visually or
recorded on electror sensitive film with a field of view of 250 microns and a lateral




resolution of one micron. The ion microscope ; also capable of providing a three
dimensional characterization of solids by. monitoring the secondary ion signal of  interest
2.2 function of time.. Provided the sputter yield (sputtered. atoms/incident ion) is. .
constant (or the layer lhucknesses of a heterogeneous sample are known) this time scale
.may be converted to a depth srale by measuremert of the crater depth. Crater depth
measurements are normally made in this laboratory by interfcrometry. Secondary ion
mass spectrometry (SIMS) is capable of detecting zll elements in the periodic table, with
detection limits in the ppra to ppb range. With proper standards, quantification may be
performed with accuracies of * 10% or less. The instrument is normally operated as a
low resolution mass spectrometer (M/M = 300), but may also be operated in a high

resolution mode (M/M = -2500).
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SIMS DEPTH PROFILING OF '3C, 14N, AND !SN-IMPLANTED IRON

1. On 27 February 1987 I Smger Code 6l76 submmed three samples for analysm by
secondary jon mass spectrometry These samples consisted of Fe substrates which had

been implanted with Bc. Sample 4 had been implanted at an cnergy of 70 keV, sample
12 at l90 keV, and sample 8 at both of these energies. . The samiples were then implanted
with 14N and lsN to a projecied range midway between the two carbon implants. These
samples had previously been ana 4yze\l pnor to nitrogen nmplantauon (l) Of interest was
‘the depth distribution of ! C, '“N, and :

2. The specimen was depth profiled with a CAMECA IMS-300 ion microscope using 5.5
keV Oy* ions at a primary current of 150 nA. The primary beam was rastered over an
area of approximately 500 x 800 pm. In the center of this raster an area of 250 um in
diameter was analyzed., Because of the difference in size between the rastered and
analyzed areas, contribuuons of analyte atoms residing at the crater walls to the

detected signal were eliminated. Some details concerning the CAMECA- IMS-300 ion )
microscope are presented in the appendix. -

3. Fig. l shows a depth lprof:le of sample 4 ‘for mass 12 (2¢c), mass 13 (13¢c*), mass 14
(1IN*, 13CH*), mass 15 (19 NH*), mass 54 (%Fe*), mass 70 (P9Fe!4N*) and mass 71
(56Fer5N*) Fig. 2 shows, l'or clarity, the same depth profile for masses 13, 14, 15, and
54 only. Figs. 3, 4, 5, and 6 show comparable profiles for samples 8 and 12,
respectively. Fig. 7 shows a comparable profile for an N-unimplanted area of sample 4
showing the background levels of the species of interest. Figs. 8 and 9 show depth
profiles of sample 8, plotted on a linear scale, prior to (1) and after N implantation,
respectively. Although there is a small difference in 3¢ valley resolution between the
two linear replots, this may be due to differences in primary current density. In
conclusion, it may be stated that the i C distribution in the implanted samples were not
significantly affected by the !4N and !N implants.

4. Appendix:

The CAMECA IMS-300 ion microscope employs an energetic (0-10 keV) primary
ion beam (typically Oy*, Ar*, or.O7) to analyze solid materials. The interaction of the
primary ions with the.sample erodes the target surface hberatmg secondary ions which
are subsequently masS adalyzed. The instrument design is such that the lateral ]
distribution of the secondary ions is reformed at the detector resulting in a magnified _
mass analyzed image of the sample surface. This image may be observed visually or

_recorded on electron sensitive film with a field of view of 250 microns and a lateral

resolution of one micron. .The ion microscope is also capable of providing a three
dimensional characterization of solids by monitoring the secondary ion signal of interest

~as a function of time. Provided the sputter yield (sputtered atoms/incident ion) is

constant (or the layer thicknesses of a heterogeneous sample are known) this time scale
may be converted to a depth scale by measurement of the crater depth. Crater depth
measurements are normally made in this laboratory by mlerl'erometry Secondary non
mass spectrometry (SIMS) is capable of 'detecting all elements in the periodic table, with
detection limits in the ppm to ppb range. With proper standards, quantification may be

GEO C EN TERS /NC




performed with accuracies of = 10% or less. The instrument is normally operated as a2 ~
low resolution inass spectrometer (M/M = 300), but may also be opera(ed-in-a high
rcso!ution mode (M/M -’.'2500). , ’ o

///W\ /ﬁi
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SIMS DEPTIH PROFILING OFF 3¢, N AND ISNOIMPLANTED IRON -

4. On 21 Aprit 1987 1 Singer, Code 6176, submitted six samples for analysis by

secondary’ ion mass spectromeiry. These samples consisted of Fe substrates which had

been implanted with Bc. Samples 2 and 4 had becen implanted at an energy of 70 keV,
samples 10 and 12 ut 190 keV, and samples 6 and 8 at both of these energic.  All -
samples were then implanted with I5SN to a fluence of 1010 atoms/cm2 with projected
range midway between the two carbon mmplants. Samples 2, 6, and 10 were also
implanted with 14N 1o a fluence of 5.3 x 10t7 :noms/cm2 at the same energy as the SN,
The samples were masked over approximately 1/2 their area during N implantation in
order that the original 13C distribution could be determined. These samples had
previously been analyzed prior to nitrogen implantation (1). Of interest was the depth
distribution of 13C, 14N, and PN

2. The specimens were depth profited with a CAMECA IMS-300 ion microscope using 535
keV Oy* ions at a primary current of 200 nA. The primary beam was rastered over an
arca of approximately 500 x 800 pum. In the center of this raster an area of 250 um in
diameter was analvzed.  Because ol the difference in size between the rastered and -
analyzed: areas, contributions of analvte atoms residing at the crater walls to the

detected signal were eliminated.  Some details concerning the CAMECA IMS-300 ion
microscope are presented in the appendix. '

3. Depth profiles of samples 2, 4, 6, 8, 10, and 12 were obtained for mass 12 (’ZC*).
mass 13 (!>C*), mass 14 (_"'N*‘_ I3CH*Y, mass 15 (12N, T4NH?®), mass 54 (dee’). mass 70
(°%FeldN*) and mass 71 (PCFe!>N*). For clarity the depth profiles are shown for masses
13, 14, 15, and 54 only; the depth profiles for the other masses are available upon

request.  Figs. 1-12 show the depth protiles of samples 2-12, respectively, The
implantation history for each sample mayv be easily deduced Urom the depth profile.

4. Appendix:

The CAMECA IMS-300 ion microscope employs an energetic (0-10 keV) primary
ion beam (typically Oz*, Ar*, or O7) to analyze solid materials. The interaction of the
primary ions with the sample erodes the target surface liberating secondary ions which
are subsequently mass analyzed.  The instrument design is such that the lateral
distribution of the secondarv ions s reformed at the detector resulting tn a magmified
mass analvzed image of the sample surface.  This image may be observed visually or
recaorded on electron <ensitive Fdm with a feld of view of 250 microns and 2 lateral -
reselution of one micron.  The 1on microscope s also capable of providing a three
dunensional characterizaton of sohids by monittaring the secondary ion sional of interest
as a function of ume.  Provided the sputter yield (sputtered atoms/incident wn) s
constant (or the tawver thickaesses of a heteroveneous sample are known) this time scale
may be converted to a depth scale by measurement of the crater depth. Crater depth
measurements are normallv made in this labaratory by antedferometry,  Secondary aen
mass spectrometry (SINS) as capable of detecting ot etements i the periodic table, with
detection hinuts an the ppm 1o ppb ranve.  With proper standards, quantitication may be
performed with accuracies of = 10™% or less.  The instrument is normally operated as 2
low resolution mass’ spectromater (M/M = 300), but mav also be operated in a high
resolution mode (M/M = -2500).

STEVEN HUTLS
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GEO-C EN TERS INC

SIMS ANALYSIS OF HIGH TEMPERATURE SUPERCONDUC‘T!NG CERAMlCS

1. On 5 June 1987 Noel Turner, Code 6177, submitted two samples of' a Bigh temperature
superconducting ceramic composed of Y, Ba, Cu, and O. ' One sample consisted of a bulk
ceramic pellet. The other sample was a thin ceramic film several thousand angstroms in
thickness deposited onto a ‘A1503 substrate. A comparative analysis of these two samples
was requested. .

2. The spec:mens were depth profiled with a Cameca IMS-300 ion microscope using 55
keV Op* ions. The primary beam was rastered over an area of approximately 500 x 800
um. In the center of this raster an area of 250 um in diameter was analyzed. Because
of the difference in size between thé rastered and analyzed areas coatributions of

analyte atoms residing ‘at the crater walls to the detected signal wers eliminated. Some
details concermng the Cameca IMS-300 ion microscope are presented int he appendix.

3, Depth profiles of the bulk ceramic 3nd the thin film for mass 16 (‘6O+)m mass 63
(63cu*), mass 89 (89Y*), and mass 136(}30Ba*) performed at a primary current of 500 nA
are shown in Figs. | and 2 respectively. A depth profile of the thin film performed at a
primary current of 200 nA is shown in Fig. 3.

Comparison of Figures | and 2 show that there is a dramatic decrease in the mass
89 signal along with a smaller decrease in the mass 16 and mass 63 signals. Whether
these decreases in signal intensity are due to a decrease. in the analyte concentration or
ion yield or both cannot be determined. One observation which may be drawn from this
analysis is that, regardless of whether the variations in ion intensity are a result of
concentration or ion yield differences, the composition of the two samples are not
ndenn\_al

4, Appendlx .
The Cameca IMS-300 ion microscope employs an energetic (0- 10 keV) primary xon
-beam (typically Os*, Ar*, or O7) to analyze solid materials. The interaction of the "
' primary ijons with the'.sample erodes the target surface liberating secondary ions which
are subsequently ‘mass analyzed. The instrument design is such that the lateral
distribution of the secondary ions is reformed at the detector resulting in a magnified
mass-analyzed image of the sample surface. This image may be observed visually or
recorded on electron sensitive film with a field of view of 2350 microns and a lateral
resolution of one micron. The jon microscope is also capable of providing a three
“dimensional characterization of solids by monitoring the secondary ion signal of interest
as a function of time. Provided the sputter yield (sputtered atoms/incident ion) is
constant (or the layer thicknesses of a heterogenous sample are known) this time scale
may be converted to a depth scale by measurement of the crater depth. Crater depth
measurements are .normaily made in this laboratory by inteferometry. Secondary ion
mass spectrometry (SIMS) is capable of detecting .all elements in the periodic table,

10803 Indian Head Highway EOSTON
Fort Washington = Maryland < 20744 ' ‘ ' WASHINGTON, .
(301) 292-1610 . ALEVOUERTI



. with detectnon limits in the ppm to ppb range. W:th proper standards quannﬁcanon may

be performed with accuracies of “10% or less. The instrument is normnlly operated as 1
low resolution mass spectrometer (M/ M =300), bl.t may also be operated in a high
resolution mode (M /M = 25

STEVEN HUES

Copy to: R. Colton, Code 6177
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.SIMS ANALYSIS OF Be-DOPED GaAs

"On 17 November 1986, R. Sillmon, Code 6821, requested that the deposited Be-doped
layer in sample OM-344 (memorandum 6170-732:SH:al) be analyzed for the presence of
Hg.

. The specimen was depth profiled with a CAMECA IMS-300 secondary ion mass
spectrometer using 5.5 keV O,* ions at a primary current of 500 nA. The primary beam
was rastered over an area of approximately 700 x 800 um. In the center of this rastes
an area 250 um in dia.neter was analyzed. Because of the difference in size between
the rastered and 2nalyzed areas, contributions of analyte atoms residing at the crater
walls to the detected signal were eliminated. Some details concerning the CAMECA
IMS-300 ion microscope are presented in the appendix.

Before analyzing the deposited layer in OM-344 for Hg it was necessary to determine -
the background signal level for the masses corresponding to the Hg isotopes. Fig. |-
shows a short range mass spectrum of a sample of the GaAs substrate sputtered to
steady state signal intensities. As may be seen the low intensity peaks present do not
correspond to the isotopic distribution of Hg and are in all probability due to vacuum

- contaminants. Fig. 2 shows a short range mass spectrum, over the same region, of the
deposited Be-doped deposited layer in OM-344. As in the substrate material the
observed peak intensities do not correspond to those of the Hg isotopes. ' In order to
determine the relative contaminant levels between the deposited layer and the substrate
a depth profile of OM-344 was oreformed for mass 9 (Be*), mass 75 (As*) and mass 200,
this depth profile is shown in fig. 3. As may be seen the mass 200 signal is more
intense in the deposited layer region. This may be due either to contaminants
introduced during layer growth or a matrix effect from the high Be concentration.

Based upon these findings, it is concluded that the level of Hg present in the deposited
layer is below the detection limit of the instrument. This detection limit may be
quantified, if desired, at a later date if suitable standards are provided.

Appendix:

The CAMECA [MS-300 ion microscope employs an energetic (0-10 keV) primary ion- beam
(typically Oy*, Ar*, or O7) to analyze solid materials. The interaction of the primary
ions with the sample erodes the target surface liberating secoudary ions which are
subsequently mass analyzed. The instrument design is such that the lateral distribution
of the secondary ions is reformed at the detector resulting in a magnified mass analvzed

~image of the sample surface. This image may be observed visually or recorded on
electron sensitive fiim with a field of view of 250 microns and a lateral resolution of
one micron. The ion microscope is also capabte of providing a three dimensional
characterization of solids by monitoring the secondary ion signal of interest as a
function of time.  Provided the sputter yield (sputtered atoms/incidént ion) is constant
(or the layer thicknesses of a heterogeneous sample are known) this time scale may be
converted to a depth scale by measurcment of the crater depth. Crater depth

GEO- CENTERS INC




.7 detection” limits in "the ‘ppm to ppb fange. - With' properstand#¢ds, . quantification ‘may beé "

measurements aré normally made. in’ this faboratory by mtetferemetry Secondary ion
mass spectromeuy (SIMS) is capable of detécting all eléments in the periodic table, with

_performed ‘with accuracies of - IO%‘ or less. The instrument is normally operated as a
fow resolution mass spectrometer (M/M = 300), but may also be operated in a high

resolution mode (M/M = -2500). —

STEVEN HUES ¥
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"SIMS ANALYSIS OF Be DISTRIBUTION IN
THERMALLY ANNEALED GaAlas

. O 9 December 1986, ‘B. Molnar, Code 6812, requested, that sample $2486-1 (memo 6170-795:SH:al1)

be analyzed for the depth distribution of Al

The specimen was depth profiled with a CAMECA IMS-300 ion microscope using 5.5 kcV O,* ions at
a pnmary current of 400 nA. The primary beam was rastered over an area of .npp*oxmmlcly 500 x
800 pum. In the center of this raster an arca of 250 pm in diameicr was analyzed. Beocause of the
diffcrence in sizc between the rastered and analyzed arcas contributions of amalyte wtoms residing

at the crater walls o the detected signal were climinated.  Some details concerning the CAMECA
IMS-300 ion microscopc arc presented in the appendiz

A depth profile of 112486-1 for mass 9 (Be*, PAI*3), mass 135 (P7Ai*?), and mass 75 (As*) is
shown in f.;,. 1.  The incrcase of thc mass 9 signal lcvel in the bpeginning of the profile is duc to
an increasc in the Al concentration and to a matrix cffert arising from the increascd 0\)g«.n
gettering cfficicncy of Al over that of GaAs. )

Appendix:

The CAMECA IMS-300 ion microscope cmploys an cnergetic (0-10 l.cV) primary ion becam (typizally
0,*, Ar*, or Q) to analyze solid materials. The interaction of the primary ions with the sample
crades the target surfacc liberating sccondary ions which are subsequently mass anzlyzed.  The
instrument design is such that the latcral distribution of the secondary ions is reformed at the
detector resuling in a magnified mass analyzed image of the sample surfaze. This image may be
observed visually or recorded on electron sensitive - film with a ficld of view of 250 microns and a
lateral resolution of one micrcn. The ion microscope is also capable of providing a thrce
dimensional characterization of solids by monitoring the secondary ion signal of interest as a

function of time. Provided the sputter yicld (sputtered atoms/incident ion) is constant (or the -
layer thicknesses of a heterogencous sample are known) this time scale may be converted to a
depth scale by measurement of the crater depth. Crater depth measurements are normally made in
tais laboratory by interferometry.  Sccondary ion mass spectrometry (SIMS) is capabic of dctecting
all clements in the periodic table, with detection limits in the ppm to ppb range. With proper
standards, quantification may be performed wita accuracies of - 10% or less.  The instrument is
normally operated as a-low resclution mass spectromcter (M/M = 300), but may also be operated in
a high resolution mode (Rf/NM = .2500). ‘ ;
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‘SIMS ANALYSIS OF Be DISTRIBUTION IN THERMALLY ANNEALED GaAlAs -

- e PR L n R

On 24 Novcmber 1986 B. Molnar, Code 6812, submittcd five samples of beryllium implanted GaAlAs
samples for analysis by <ccondnry ion mass spectromcetry.  These samples were designated 11248641,
112486-20, 112486-2b, 112436-34, and 112486-3b.  All samples had been implanted with Be o a
flucnce 12[ 8$x10'3 ions/cm’. In addition, 112486-2b was also implantcd with 400 keV P to a flucnce
of 3x10%%.

The specimens were depth profited with a CAMECA IMS-300 ion microscope using 5.5 keV O,* ions. I
The primary beam was rastcred over an arca of approximatcly 500 x 800 pm. In the center of this
raster an arca of 250 um in diamctcr was analyzed. Bccausc of the differcnce in sive between the
rastercd and analyzed arcas contributions of analytc atoms residing at the crater walls to the I
detccted signal were climinated. Somc dctails conccining the CAMECA IMS-300 ion microscope arc
presented in the appendix.
! -
Depth profiles of samples 112486-1, 2a, 3a, and 3b for mass 9 (9Bc*, YAI*3) and mass 75 (75As*) I
obtaincd 'at primary currents of 600 nA, arc shown in figs. 1, 2, 3, and 4, respectively.  The low ‘
signal level for mass 9 in the beginning of fig. 1 is due to a matrix clfect caused by the prescace
of a GaAs cap laycr. A depth profile of sample 112486-2b for mass 9, mass 73, and mass 31 (P*), I
) obtained at a primary current of 300 nA, is shown in fig. 5.

Appendix:

The CAMECA IMS-300 ion microscope cmploys an encrgetic (0-10 keV) primary ion beam (typically
0O,*, Ar*, or O7) to analyze solid matcrials. The interaction of the primary ions with the sample
crodes the target surface liberating sccondary ions which are subscquently mass analyzed. The
instrument design is such that the lateral distribution of the secondary ions is reformed at the
deicctor resulting in a magmﬁcd mass analyzed image of the sample surface. This |m1gc ray be
observed visually or recorded on clectron sensitive film with a field of view of 250 microns and a
lateral resolution of one micron. The ion microscope is also capable of providing a threc
dimensional characterization of soiids by monitoring the secondary ion signal of interest as a

function of time. Provided the sputter vicld (sputtcred atoms/incident ion) is constant (or the

layer thicknessecs of a heterogencous sample arc known) this time scale may be converted to a
depth scale by mcasurement of the crater dcp(h Crater depth measurements are normally made in
this iaboratory by intorfcrometry.  Sccondary ion mass spectrometry (SIMS) is capable of detecting
all elemenis in the periodic table, with detection limits in the ppm to ppb range. With proper .-
standards, quantificatict mayv be performed with accuracies of - 10% or less.  The instrument is
normally operated as a low resolution mass spectrometer (M/M = 300), but may also be operated in
a high resolution mode (M/M = .2500). -
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Ref: *6170-795:SH:al memo
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" keV O3* ions at a primary current of 700 nA.
area of approximately 500 x 800 um.
diameter was analyzed. Recause of the d'fferenc

ERMALLY ANNEALED GaAlAs

requested that a -depth scale be placed on
a)) assuming a GaAs cap layer thickness

ECA IMS-300 ion microscope uzing 5.5.
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In the center of this raster an area of 250 um in

in size between the rastered and

analyzed areas contributions of analyte atoms residing at the crater walls to the detected

signal were eliminated. Some details concerning the CAMECA IMS-300 ion microscope

are presented in the appendix.
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dimensional characterization of ‘solids by monitoring the secondary ion signal of interest
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SIMS ANALYSIS OF Be DISTRIBUTION IN 'IHE,RMALLY ANNEALED GaAlAs

‘Ref:  6170-795:SH:al memo

. On .28 January 1987 B. Molnar, Code 6812, requested that a depth scale be placed on
the depth profile of sample 112486~} (refercncc (a)) assuming a GaAs cap layer thickness
of 100 am.

2. The specimen was depth profiled with a CAMECA IMS-300 ion microscope using 5.5
" keV O,' ions at a primary current of 700 nA. The primary beam was rastered over an
area of approximately 500 x 800 um. In the center of this raster an area of 250 um in
diameter was analyzed. Because of the difference in size between the rastered and
analyzed areas contributions of analyte atoms residing at the crater walls to the detected
signal were eliminated. Some details concerning the CAMECA IMS- 300 ion microscope
are presented in the appendix.

3. A depth profile of' 112486-1 for mass 9 (Be®, .27AI*3) and mass 75 (As*) is shown_.in"
fig. 1. The increase of the mass 9 signal level in the beginning of the profile is due to
an increase in the Al concentration and to a matrix effect arising from the increased
oxygen .gettering efficiency of Al over that of GaAs. A broken depth scale may be
placed upon this profile using the GaAs cap thickness of J00 nm and the total depth,
determined by interference microscopy utilizing a Nikon OPT[HOT optical microscope of
-1360 nm.

4. Appendix:

The CAMECA IMS-300 ion microscope employs an energetic (0-10 keV) primary
ion beam (typically Oz*, Ar*, or O7) to analyze solid materials. The interaction of the °
primary ions with the sample erodes the target surface liberating secondary ions which
are subsequently mass analyzed The instrument .design is such that the lateral
distribution of the secondary ions is reformed at the detector resulting in a magmf:ed
mass analyzed image of the sample surface. This image may be observed visually or
recorded on electron sensitive film with a field of view of 250 microns and a lateral
resolution of one micron. The ion microscope is also capable of providing a three
dimensional characterization of solids by monitoring the secondary ion signal of interest
as a function of lin_xe: " Provided the sputter yield (sputtered atoms/incident ion) is .
constant. (or the layer thicknesses of a heterogeneous sample are known) this time scale - _
may be converted to a depth scale by measurement of the crater depth. \.rater depth
measurements are normally made in this laboratory by interferometry. Secondary ion
-mass spectrometry (SIMS) is capable of detecting all elements in the periodic’ table, -~ith
detection limits in the ppm to ppb range. With proper standards, quantification may be
performed with accuracies of -~ 10% or less. The instrument is normally operated as a
low resolution mass spectrometer (M/M = 300), but _may aiso be operated in a high
resolution mode (M/M = -2500).
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SIMS ANALYSIS OF Bc DISTRIBUTION IN AS-IMPLANTED GaAlAs ' -

" I. On 30 January 1987 B. Molnar, Code 6812, submitted a sample of Be:implanted

GaAlAs, labeled 1739, for analysis by secondary ion mass spectrometry. The sample had
been ‘implanted with Be at 25 keV and 300 keV. - Of interest was the depth disiribution
of Be.

2. The specimen was depth profiled with a CAMECA IMS-300 ion microscope using 5.3
keV O,* ions at a primary current of 700 nA. The primary beam was rastered over an
area of approximately 500 x 800 um. In the center of this raster an area of 250 um in
diameter was analyzed. Because of the difference in size between the rastered and’
analyzed areas contributions of analyte atoms residing at the crater walls to the detected
signal were eliminated. Some details concernmg the CAMECA IMS- 300 ion mncroscope
are presented in the appendix.

3. A depth profileZof 1739 for mass 9 (Be*, 27A1*3) and mass 75 (As¥) is shown in fig.
1. The depth scale was established by interferometry utilizing a Nikon OPTIHOT optical
microscope, assuming a uniform sputter rate throvghout the analyzed depth. The sharp -
downward peaks at approximately 900 nm are instrumental artifacts and may be ignored.

4. Appendix:

The CAMECA IMS-300 ion microscope employs an energetic (0-10 keV) primary
ion beam (typically Os*, Ar*, or O7) to analyze solid materials. The interaction of the
primary ions with the sample erodes the target surface liberating secondary ions which
are subsequently mass analyzed. The instrument design is such that the lateral ‘
distribution of the secondary ions is reformed at the detector resulting in a magnified
mass analyzed image of the sample surface. This image may be observed visually or
recorded on electron sensitive film with a field of view of 250 microns and a lateral
resolution of one micron. The ion microscope is also capable of providing a three ~
dimensional characterization of solids by monitoring the secondary ion signal of interest
as a function of time. Provided the sputter yield (sputtered atoms/incident ion) is
constant (or the layer thicknesses of a heterogeneous sample are kaown) this time scale
may be converted to a depth scale by measurement of the crater depth. Crater depth.
measurements are normally made in this laboratory by interferometry. Secondary ion
mass spectrometry (SHQS) is capable of detecting all elements in the periodic table, with

.detectiun limits in the ppm to ppb range. With proper standards, quantification may Lec.

performed with accuracies of - 10% or less. The instrument is normally operated as a = -
low resolution mass spectrometer (M/M = 300), but may also be operated in a high '

resolution mode (M/M = -2500).
S/
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SIMS ANALYSIS Of B-IMPLANTED InF AND B AND As-IMPLANTED Si ~

1. On 23 December 1586 B. Molnar, Code 6812, subnitted two samples ror-

analyéis by secondary ion mass spectromeiry. One sample was a Si substrate
which had been,impl?Bted with ﬁs to a depth of 3000A to a peak

‘concentration of 10, atomns/cmy and B to a depth of 1 um and a peak

concentration of 1016 atoms/cm”. The second sample was an InP substrate
which 9ad been i@planted with B to a depth of 4000 and a peak concentration
of 10]" atcms/cm”. Of interest was the depth distribution of each of the
implanted species. o

2. The specimeng were depth profiled with a CAMECA 'MS-300 ion microscope
using |5.5 keV 0, ions at a primary current of 50G oA (Si sample) and 650 nA
(InP gqample). The primary beam was rastered over an area of approximately

500 x (800 um. In the center of this raster an area of 250 um in diameter was
analyzed. Because of the difference in size between the rastered and analyzed
areas |contributions of analyte atoms residing at the crater walls to the :
detectied signal were eliminated. Some details concerning the CAMECA IMS-

300 idn microscope are presented in the appendix.

3. Tie presence of As was not detected in the Si sample while monitoring for
As®, fﬁ_’ or As0”. While As in Si detection limit for this particular
instrument is not known, due to a lack of suitable standards, other researqsers
have repgrted detection limits, under these analysis conditions, in the 10

ratoms/em” range (1). In order to ascertain it the instrument was operating
- normally a depth profile of a previously analyzed B implanted Si sample was

obtained, Fig. 1, showing sensitivity within normal limits. Improved detection
limits| may be obtaina2d by monitoring negative ions and using Cs primary lons.

‘which acts to increase the negative secondary ion yield. This capability is,

howeverr, not presently available at NRL. Fig. 2 shows a depth profile of the
B distribution in the InP sample. Thz depth scale was established by
interference microscopy of the sputtered craier using a Nikon OPTIHOT optical
microscope. ‘

4. Appendix:

The CAMECA IMS-300 ion microscope employs an energetic (0-10 keV) }
primary ion beam (typically 0., Ar’, or 07) to analyze solid materials. The
interaction cf the primary iofis with the sample erodes the target surface
liberating secondary ions which zre subsequently mass analyzed. The
instrument design is such that the lateral distribution of the secondary ions is
reformed at the detector resulting in a magnified mass analyzed image of hne
sample: surface. This image may be observed visually or recorded on electron
sensitive film with 3 field of view of 250 microns and a lateral resolution of
one mitrop. The ion microscope 1s also capable of providing a three
dimensional characterization of solids by monitoring the secondary ion signal
of intkrest as a function of time. Provided the sputter yield {sputtered
atoms/incident ion} is constant (or the layer thicknesses of a heterogeneous
sample| are knnwn) this time scale may be converted to a depth scale by

GEQ-CENTERS, INC
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. measurement of the:crater depth. Crater depth measurements are normally. ~

= "made in this laburatory by interferometry.’ SecondarY'xoh mass spectrometry

. (SIMS) is capable of detecting all elements in the perxodlc table, with
detection limits in the ppm to ppb range. ~With proper standards,”
quantification may be performed with accuracies of apptoxlmately 10% o- less.
The instrument is normally operated as a low resolution mass spectrometer
(M/M' = 300), but may also be operated in a hlgh resolution mode (M/M =
2500).

(1) ‘Methods of Surface Analysis, A. W.

Czanderna, Ed., £lsevier Scientific
Publishing, 1975, pg. 307.

| 3 | " STEVEN HUES
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_ SIMS ANALYSIS OF In-DOPED GaAs | -

l..- On 25 February I9.87 N. Bottka, Code 6821, submittéd three. samples of In doped.  GaAs
for analysis by secondary ion mass spectrometry. One sample, labeled OM-374 consisted

of a MODFET structure having a GaAs cap layer 100A in. thickness, followed by an In

and Si doped AlGaAs layer 500A in thickness, an In doped AlGaAs layer 100A in
thickness, and an In doped GaAs layer 7000A in thickness deposited on a GaAs substrate.
The other two samples, labeled OM-379-1 and OM-363, were In doped GaAs layers ~6-
7em in thickness deposited on GaAs substrates. The In concentrations as measured by

‘photo reflectance spectroscopy were 0.98% and 0.42%, respectively. These sampies were

to be used as standards for quantifying the In concentration in the 7000A layer in OM-
374. Based upon the results for OM-374 two further samples similar to OM-374, labeled
OM-380 and OM-383, were submitted on 27 February 1987,

2. The specimens were depth profiled with a CAMECA IMS-300 secondary ion mass
spectrometer using 5.5 keV O* ions. The primary beam was rastered over an area of
approximately 700 x ‘800 pm. In the center of this raster an area 250 pm in diameter .
was analyzed. Because of the difference in size between the rastered and analyzed -
areas, contributions of analyte atoms residing at the crater walls to the detected signal
were eliminated. Some details concerning the CAMECA IMS-300 ion microscope are
presented in the appendix. :

3, Figs. 1, 2 and_3 show depth profiles of CM-379-1, OM-363,.and OM-374 for mass 27
(CTAlY), mass 28 (28si*, 27AIH*), mass 75 (79Ast), and mass 115 (13In*) taken at a
primary current of 100 nA. Using the two standard samples and normalizing the mass

115 signal to the mass 75 signal the concentration of In in the plateau region reached
immediately after the AlGaAs layer had been sputtered through is determined to be 0.03%.
Fig. 4 shows a depth profile of OM-379-1 taken at a primary curreat of 2.0 pA. As may
be seen, the In doping is constant throughout the grown film. Figs. 5, 6 and 7 show ‘
depth profiles of OM-383, OM-380, and OM-374 taken at a primary current of 150 nA..
The spikes in the mass 115 signals in figs. 6 and 7 do not appear to be the result of
electronic noise in the instrument. Since these spikas are occurring in the interfacial

region they may be the result of either a true increase in the In concentration or a

matrix effect, possibly due to an increased amount of oxygen at these interfaces relative

to the one in OM-383. However, since the mass 27 signal spike is approximately the

. same for all three profiles it is probable that some of the increase is due to an increased

concentration of In 4t the interface. .

4. Appendix:

The CAMECA IMS-300 ion microscope employs an energetic (0-10 keV) primary
ion beam (typically O5*, ar*, or O7) to analyze solid materials. The interaction of the

- primary ions with the sample erodes the target surtace liberating secondary ions which

are subsequently mass analyzed. The instrument design is such that the lateral
distribution of the secondary ions is reformed at the detector resulting in a magnified

~mass analyzed image of the sample surface. This image may be observed visually or

recorded on electron sensitive film with a field of view of 250 microns and a Iateral
resolution of one micron. The ion microscope is also capable of providing a three
dimensional characterization of solids by monitoring the secondary ion signal of interest

GEO-CENTERS, INC.
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as a function of time. “Provided the sputter yield (sputtcred atoms/incident ion) is A
constant (or the layer-thicknesses of a heterogeneous sample are known) this time scale

measurements are¢ normally made in this laboratory by “interferometry. - Secondary ion

detection limits in the ppm to ppb range. With proper standards, quantification may be
performed with accuracies of - 10% or less. The instrument is normally operated as a
low resolution mass spectrometer (M/M = 300), but may also be operated in a high

resolution mode (M/M = -2500).

STEVEN H
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. may be converted. to a depth:scale by: measurement of the crater depth, .. Crater depth ... . .0 ..

mass spectrometry (SIMS) is capable of detecting all elements .in the periodic table, with. . .
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RESUL’TS OF lMAGlNG ANALYSIS OF inP SUBSTRATE BY ‘ -
- T US. ARM‘Y LABCOM Fl' MONMOUTH : - o :

e R L H S P T PR LER K

i. On approximateiy 12 Scpteniber l936, 'B. Molna’r, Code 6812 submitied 2 sample of InP

with' visible striations in its surface. An imaging analysis using secondary ion mass
spectrometry to determine the lateral distribution of any As which might be present was
requesied. The level of As present was below the detection limit of the CAMECA IMS-
300 imaging system (memo 6170-655), therefore the sample was forwarded to the U.S.

- Army. Electronic Technology and Development Laboratory, Ft. Monmouth NJ for imaging
‘analysis on the CAMECA IMS-3f ion microanalyzer.  The results of this analysis

performed by Dr. Richard T. Lareav are presented in this report.

2. Figs. 1 and 2 are depth promes of the sample with the analysis conditions specified
on each profile. The photos are ion micrographs taken using Oy* primary ions.
chrographs 1-10 are mass/charge specific images of the sample surface. The field of
view in each image & approximately 150 pm. Images 1 and 2 (mass 1!5) indicate
irregular surface features such as pitting or precipitate formation. Images 3, 4, and 5 - °
show further examples of these features; (i.R) indicates that the image was taken using
high mass resolution. No variation in As* or P* signal was observed in these areas.

Images 6-10 show ion images of masses 28, 27, 115, 3!, and 75, respectively, showing
localized surface contamination present. Photo '11 is an optical image of the surface

. showing the striations of interest. These striations are larger than the field of view of

th: ion images, they do ‘not appear to have excess concentrations of As and appear to te

a result of topographical features. Figs. 3 and 4 are computer generated images of the
sample surface utilizing a rssistive anode encoder (RAE). This device allows the

computer to generate images of a samp'e surface based upon electronically detected

signals. The color contrast is related to the signal intensity at that pixel as indicated in

the color scale provided. - The 'field of view for each image is 150 um and all images

were taken using Cs* primary ions and negative secondary ions. The species

corresponding to each image is noted in the figure. Of note is that the As distribution™~
(fig. 1 image D) is fairly uniform throughout the field of view. Also in fig. 4 images E
and F aré of the same area and images G and H are of the same area.

3. Appendik: .

The CAMECA IMS-3f ion microscope employs an energetic (0.5-22 keV), mass-
filtered, primary ion beam (typically Oy*, Ar*, O~, or Cs*) to analyze solid materials. -,
The interaction of the primary ions with the sample ercdes the target surface liberating
secondary ions which are subsequently mass analyzed. The instrument design is such that

" the lateral distribution of the secondary ions is reformed at the detector resulting in a

magnified mass-analyzed image of the sample surface. This image may be observed
visuslly’ or recorded on photographic fiim or video cassette with a field of view of either
25, 150, or 400 microns and a laterzl resolution of one micron. The ion microscope is
also capable of providing a three dimensional characterization of sclids by monitoring the

" - secondary ion signal of interest as a function of time. Provided the sputter yield
- {sputtered- atoms/incident ion) is- constant (or- the. layer. thicknesses of a. heterogeneous

sample are known) this time scale may be converted to a depth scale by measurement of
the crater depth. Crater depth’ measurcments are normally made in this laboratory by
interferometry. Secondary ion mass spectrometry (SIMS) is capable of detecting alil

GEO- CF/\/ TE/?S INC.
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" elements in the periodic table, with detection limits irs the ppm to ppb range. W;rith

~ proper standards, quantification may be performed with accuracies of - 10% or lsss. The
.. instrument is$ normally  operated as-.a low resolution mass. spectrometer (M/M. = 306),. but.

may also be operated in a high rasolution mode (M/M = - 10,000). . |
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‘SIMS ANALYSIS OF Mg pxsr_muuno:\'- IN Mg IMPLANTED GaAs

h l Gn 10 Febrmry 1987 B Molnar Code 08I2 submltted a sample of - Mg nmphntcd (48

MeV, 44 x lO atoms/cmz) GaAs for analysis by secondary ion mass spectromctry of
interest was the depth dnstnbuuon of Mg

‘2. The sp»c:men was depth profiled with a CAMECA IMS-.»OO ion microscope using 5.5
“keV 02" ions at a primary current of 2.0 pA. The primary beam was rastered over an
"area of approximately 500 x 800 um. In the center of this raster an area of 250 um in

diameter was analyzed. Because cf the difference in size between the rastered and
analyzed areas, contributions of analyte atoms residing at the crater walls to the
detected signal were eliminated. Some details concerning the CAMECA IMS-300 ion
microscope are presented in the appendix.

3. Figure 1 shows a depth profile of the sample for mass 24 (24Mg 12C"‘) and mass 75
( 5As") The depth scale was determiined by total crater depth measurement using 2
Dectak surface profilometer. As may be seen from the mass 24 background levels the
contribution to the total ion signal from 12c+ i quite small (approximately 10-20
counts/sec) relative to the peak signal . :

4. Appendix:

The CAMECA IMS-300 ion microscope employs an energetic (0-10 keV) primary
ion beam (typically O3*, Ar*, or O~) to analyze solid materials. The interaction of the
primary ions with the sample erodes the target surface liberating secondary ions which
are subsequently mass analyzed. The instrument design is such that the lateral
distribution of the secondary ions is reformed at the detector resulting in a magnified .
mass analyzed image of the sample surface. This image may be observad visuaily or
recorded on eclectron sensitive film with a field of view of 250 microns and a lateral
resolution of one micron. The ion microscope is also capable of providing a three
dimensional characterization of solids by monitoring the secondary ion signal of interest
as a function of time. Provided the sputter yield (sputtered atoms/incident ion) is
constant (or the layer thicknesses of a heterogeneous sample are known) th's time scale
may be converted to a depth scale by measurement of the cratér depth. Crater depth
measurements are normally made 'in this laboratory by interferometry. Secondary ion
mass spectrometry (SIMS) is capable of detecting all elements in the periodic table, with
detection limits in the ppm to ppb range. With proper standards, quantification may be
performed with accuracies of = 10% or less. The instrument is normally operated as a
low resolution mass spectrometer (M/M = 300), but may also be operated in a high

-resolution: mode (M/M = -23500).
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 DETERMINATION OF As DETECTION LIMIT IN.Si

RN On 6 February 1987 'B.Molnar Code 68]2 submmed a sample .of St nmplanted with
As (lO atoms/cm<) and Sn (IO 14 atoms/cmz) Of interest was the detection limit of As
“in Si for the CAMECA IMS-300. SR R .

2. ' The specimen was depth prohled with a CAMECA IMS-300 :on microscope usmg 5.5

keV Oo* ions at primary currents of 250 and 500 nA. The primary beam was rastered

over an area of approximately 500 x 800 pm. .In. the center of this raster an area of 250 = .
um in diameter was analyzed. Because of the difference in size between the rastered

and analyzed areas, contributions of analyte atoms residing at the crater walls to the

detected signal were eliminated. Some details concemmg the CAMECA IMS-300 ion
microscope are presented in the appendix.

3. The analysis of As in Si is dnffxcult both because of xts relatxvely low ion yield and
because of a mass interference from the molecular ion 395i295il00* " Fig. 'I shows a
depth Froﬁle of the sample for mass 30 (30Si*), mass 75 (As*, 305;295i100%), and mass
118 (l 8Sn*). These high signal levels are mainly due to molecular ‘mass interferences.
Because molecular ions have a much narrower kinetic energy distribution than ‘atomic ions
(molecular ions which have liigher kinetic energy dissociate) the contribution of nwolecular
ions to the total ion signal may be reduced by shifting the encrgy band pass of the
instrument to a higher energy. This, however, also réeduces the ica signal due to atomic
ions as well, since one is sampling the tail of the kinetic energy distribution and not the
peak maximum. Another method is to use high mass resolution to separate the atomic
from the molecular species on the basis of their mass defects. The resolution required is
not available on the IMS-300. Figs. 2 and 3 show depth profiles of the sample, at
primary ion currents of 500 and 250 nA, respectively, under the same conditions as Fig.
1, except that a -23 volt offset has been placed on the secondary accelerating voltage.
Again the As implant is not detected. Fig. 4 shows a depth profile obtained at a primary
current of 500 nA with a -17 volt secondary accelerating voltage offset. As may be seen
at this voltage offset the contributions of molecular interferences is again significant.

Arsenic may also be analyzed as a negative ion. The instrument was focused in the
negative secondary ion mode and manually scanned throughout the desired mass ranges.
Although peaks. were found corresponding to a variety of atomic and molecular ions, the
signal levels for As™, AsO™, and AsSi~ were not significantly higher than those for the
positive ions. This situation could be improved by using a Cs* primary ion beam to
increase the negative secondary ion yield. This ion source, however, is not currently
available at NRL. ‘

_ _Depth profiles of this sample previously performed at the University of lllinois, .
using oxygen primary ions and high mass resolution, obtained As signal levels in the 10°
counts/second range. The inability of this instrument to reproduce those results is
explained by a study by Wittmaak (1), in which the fractional ion yield of As' and As”
from GaAs is studied as a function of the incidence angle of the primary oxygen beam.
As the incidence angle is increased the sputtering yicld of the substrate is also increased
resulting in a decrease in the steady-state surface concentration of oxygen. This
decrease in oxygen surface concentration reduces the ion yield enhancement and

GEO CENTERS /NC




therefore the total As 's;gnal detected. The incidence angle of the IMS-300 is 609

. relative to the sample normal, while that of the IMS- -3f is 30°% From Wittmaak's data it
““may be seen that -the decrease in the fractional jon yield, between 30% and 60% of 2~ '~

factor of approximately 10 for As* and of approximately 100 for As™. This effect
coupled -with the reduced transmission caused by the energy offset would reduce the
sensmvny for As to the present . level.

In conclusion, the detection limit for As in Si under the present analysis conditions
~is above the peak concentration of a 10'5 atoms/cm2 ion implant (approximately 1020
: atoms/cm3).

4. Appendix:

The CAMECA IMS-300 ion microscope employs an energetic (0-10 keV) primary
ion beam (typically Oy*, Ar*, or O7) to analyze solid materials. The interaction of the
primary ions with the sample erodes the target surface liberating secondary ions which
are subsequently mass analyzed. The instrument design i1s such that the lateral
distribution of the secondary ions is reformed at the detector resulting in a magnified
mass analyzed image of the sample surface. This image may be observed visually or
recorded on electron sensitive film with a field of view of 250 microns and a lateral
resolution of one micron. The ion microscope is also capable of providing a three
dimensional characterization of solids by monitoring the secondary ion signal of interest
as a function of time. Provided the sputter yield (sputtered atoms/incident ion) is
constant (or the layer thicknesses of a heterogeneous sample are known) this time scale
may be converted to a depth scale by measurement of the crater depth. Crater depth
measurements are normally made in this laboratory by interferometry. Secondary ion
mass spectrometry (SIMS) is capable of detecting all elements in the periodic table, with
detection limits in the ppm to ppb range. With proper standards, quantification may be
performed with accuracies of - 10% or less. The instrument is normally operated as a
low resolution mass spectrometer (M/M = 300), but may also be operated in a- hngh
resolution mode (M/M = -2500).

(1) K. Wittmaak, Wall Chart of SIMS Analysi Atomika, Inc., 1983.
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© SIMS 'ANALYSIS' OF SiC" FILMS ‘ON-Si " = =7 = v o oo

1. On 19 March .1987 B. Molnar, Code 6812, submitted two samples, labeled SiC 511-R

.C, Al, and N.

and ‘SiICNASA, consisting of SiC films mounted on polycrystalline ‘Si substrates for
analysis by secondary ion mass spectrometry., Of interest was the depth distribution of

4

2. The specimen was depth profiled with a CAMECA SMI-300 ion microscope using 5.5
keV 0% ions at a primary current of 2.0 pA. The primary beam was rastered over an
area of approximately 500 x 800 um. In the center of this raster an area of 250 pm in
diameter was analyzed. Because of the difference in size between the rastered and
analyzed areas contributions of analyte atoms residing at the crater walls to the detected
signal were eliminated. Some details concerning the CAMECA IMS-300 ion microscope

are presented in the appendix.

3. Fi ure l shows a de gth profile of the samgle SiC 51-R for mass 12 (12C+) mass 14
(14N+,‘ ) mass 27 ( Al*), 'and mass 30 ( Sx*) The depth scale was established by
surface prof:lometry assuming a uniform sputtering rate throughout the analyzed depth.
Fig. 2 shows a comparable depth profile for the sample labeled SiCNASA.

4. Appendix: The CAMECA SMI-300 ion microscope employs an energetic (0-10 -keV)
primary ion beam (typically 03%, Ar*, or 07) to analyze solid materials. The interaction
of the primary ions with the sample erodes the target surface liberating secondary ions
which are subsequently mass analyzed. The instrument design is such that the lateral
distribution of the secondary ions is reformed at the detector resulting in a magnified
mass-analyzed image of the sainple surface. This image may be observed visually or
recorded on electron sensitive {ilm with a . field of view of 250 microns and a lateral
resolution of one micron. The ion microscope is also capable of providing a three
dimensional characterization of solids by monitoring the secondary ion signal of interest
as a function of time. Provided the sputter yield (sputtered atoms/incident ion) is
constant (or the layer thicknesses of a heterogenous sample are known) this time scale
may be converted to a depth scale by measurement of the crater depth. Crater depth
measurements are normally made in this laboratory by interferometry. Secondary ion
mass spectrometry (SIMS) is capable of detecting all elements in the periodic table, with
detection limits in the ppm to ppb range.~ With proper standards, quantification may be
performed with accuracies of -10% or less. The instrument is normally operated as a low

.-resolution mass spectrometer (M/ M =300), but may also be operated in a high resolution
" mode (M/M =-2500).
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., SIMS_ANALYSIS OF Be DISTRIBUTION  IN. MBE GROWN  InSb FILMS .

- On 26 May 1987 J. Comas, Code 6823, submitted two samples, labeled 905 and 907, of
Be -doped InSb layers grown by MBE on InSb substrates Of interest was the Be depth
dnsmbutxon in the grown Iayers

2. l‘he specnmens were depth prof:led w:th a Cameca IMS-300 ion microscope using 5.5
keV 0p* ions at a primary current.of 200 nA. The primary beam was rastered over an’
area of approximately 500 x 800 um. In the center of this raster an area of 250 um in
diameter was analyzed. Because of the difference in size between the rastered and
analyzed area contributions of analyte atoms residing at the crater walls to the detected
signal were eliminated. Some details concerning the Cameca IMS-300 ion microscope are
presented in the appendix.

3. C.pth profiles of samples 906 and 907 for mass 9 (3Be*) and mass 123 (}123Sb*) are
shown in Figs. | and 2 respectlvely

4. Appendix:

The Cameca SMI-300 ion microscope employs an energetic (0-10 keV) primary ion
'beam (typncally 0,%, Ar*, or 0°-) to analyze solid materials. The interaction of the
primary ions with the sample erodes the target surface liberating secondary ions which
are subsequently mass analyzed. ' The instrument design is such that the lateral
distribution of the, secondary ions is reformed at the detector resulting in a magnified
mass-analyzed image of the sample surface. This image may be observed visually or
recorded on electron sensitive film with a field of view of 250 microns and a lateral
resolution of one micron. The ion microscope is also capable of providing a three
dimensional characterization of solids by monitoring the secondary ion signal of interest '
a s function of time. Provided the sputter yield (sputtered atoms/incident ion) is -
constant (or the layer thicknesses of a heterogenous sample are known) this time scale
may be converted to a depth scale by measuremeant of the crater depth. Crater depth
measurements are normally made in this laboratory by interferometry. Secondary ion
mass spectrometry (SIMS) is capable of detecting all elements in the periodic table, with
detection limits in the ppm to ppb range. With proper standards, quantification may be
performed with accuracies of 10% or less. The instruments is normally operated as a
low resolution mass spectrometer (M M =300), but may also be oper'ned in a high
resolution mode (M /M = 2500). -

STEVEN HUES
Code 6177

copy to: R. Coiton, Code 6177

GEO- CENTEHS INC.




e i s e Ve B bl 05 5nts T B 3 ik P

ony | (SANOI3S> W1y

L esy ecy 03¢ 008 ove 981 @21 8 B

t : —0—G ) | | ] @
i X

i ” m
. S
| . -
‘. [ <
A | E £
H " 0
A . E. b @

2 o

S | .9

N 2 .mwn\ | :

1. asezl  68gel v :

. eee



5

SRR AT TN

o N I ;ﬂﬁ!idﬂi

(SANOD3S) 3y
0021

0891 Bbb1 @96 A4
anack 3-G@a GOl P ]

esp obe
L I

°

3R [d ¢ £ Fice

L Ry

h -
| :
| -
, L 1
W :
| :
| i
| M
.
3
.
[
B
| ¥
|
|
A
5 .
'
i

2bCE v
bbb o

10 1~ 1

i B Y YR

L

lll'l" LI §

'I'll' LI §

L) F"'r' ¥ 1 4 i'l"rll "l j"l"! ¥ ¥

'l"'r" I

]‘l"l LR 2N §

™—

/

(907> ALISNIINI




Fore Wasthungeorn « Marylar:! « 207.1.7

GEO CENTERS, INC.

SCANNING AUGER lMAGlNG ANALYSIS OF As !N lnP

1. On approximately 5 May 1987 B. Molnar, Code 6812, submitted three samples, labeled

.4, 8, and 14 of chemically etched As-doped InP. Structural defects present in the InP

had resulted in some areas havmg relatxvely rapid etching, producmg etch pits in the
sample surface. Of 'nterest was whether or not As had preferentially segrated to the
defects associated with these etch pits.

2. The analyses were performed using a PHI 660 Scanning Auger Multiprobe. SEM
images were obtained using 3 k2V primary electrons at a current of -5.5 nA. Auger
spectrum were aiso obtained using 3 keV primary electrons at a current ¢f -1.5 uA. Some
details concerning the PHI 660 SAM are presented in the appendix.

3. Photo #1 is a low magnification image of a porticn of the surface of sample 8.
Labeled within this image are the two erch pits which were analysed. Photo #2 is a
higher magnification image of pit #1. An analysis was attempted on she fioor of the
etch pit, however a useful spectrum could not be obtained due to the insulating nature of

_the etch pit floor. Auger specta obtained from a spot surrounding the etch pit wall are

presented in Figs. 1 and 2. Analysis of pit #2 yielded similar results. Corresponding
spectra for a non-pitted area of the sample surface are shown in Figs. 2 and 4. As may
be seen there is no observed sigral in either set of spectra corresponding to the

principal As Auger transition (1228 eV). Aualysis of sample 14 also did not detect the
presence of As. Based cpon these results sample 4 was not analyzed.

4. Appendix:

The PHI 660 Scanning Auger Multiprobe employs an energetic (normally 3 keV)
beam of electrons to analyze solid materials. These electrons interact with the samplc
surface producing secondary electrons by Auger decay. The kirectic energy of the
secondary electrons, determined by utilizing a cylindrical mirror analyzer mounted
coaxially with the primary electron gun, may be used to identify the atoms under going
Auger decay. The intensity of the secondary electron signal may be used as a basis for
quantitative analysis with an accuracy of 10% and a detection limit of 0.1-1 atomic %.
This instrument may also be used to prepare Auger maps of a sample in which the

~contrast of the imasge is related to the lateral distribution <. a specific element on the

target surface. The instrument may also be used, in conjunction with a secondary
electron detector, as a high resolution secondary electron microscope in order to locate
desived surface features and correiate them with obtained by Auger mapping.

Copy to: R.J. Colton
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Yo: J. Murday

" maximum allowable inactive Mg content and procurement specifications

From: S. Hues
Re: Analysis of Mg Flare Powders Submitted By NUWSC. o

Date: 2 October 1936

NUWSC has requested analgsis‘of two samples of Mg powder. Although
both samples satisfy current procurement specifications, one sample is
difficult to ignite and does not exhibit the desired combustion

behavior.

Based on previous analysis performed at NRL (see attached regort)
it is believed that the failure of the "bad" Mg sample is due to the
formation of an excessively thick oxide or hydroxide coating which

acts to passivate the surface.

It is proposed to identify the nature of the surface coating on
these samples by compafison to known standards of MgO and MgOH using
X-Ray Photoelectron Spectroscopy (XPS). Once the identity of the
coating is confi?med it will be recommended that the percentage of
inactive, i.e. noq—metallic. Mg be quantified acéording to the
procedure of Hillar and Stenger (see attached article). Using this
method a series of experiments may be performed to determine the

.

wmay be modified accoardingly.




P e N e e b T ey B T el - RERNAS

ﬂnalgs;s time for the XPS analys:s xs est:nated to be Six hours.
The atonnc absorptnon analgs;s for inactive Ng may be perforned at:

NRL., assuming the proper instrumentation is avaxlable. However, since

Can analysis of this type req&irés considefable set-up time,

_approximately 8 hours, for the initial analysis with subsequent

analyses taking considerably shorter time, it may be more

cost-efficient to have this analysis done by an outside analysis firm.

Steven Hues
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ANALYSIS OF MAGNESIUM POWDERS

i

.. . Introduction-

On 17 April 1986, Dr. D. Ladouceur, NRL Code 6174, returned

from a visit to NWC, Crane, Indiana, with two (2) samples of

good" and "bad" magnesium. The samples were provided by Mr.
‘Hank Webster, and we were asked to determine if their chemical
compositions differed. Both samples consisted of a fine-mesh
powder; the sample labeled "gcod" was grey in color, while the
sample labeled "bad" was grey-brown. Each sample was analyzed by
X-ray photoelectron spectroscopy (XPS or ESCA) and by X-ray
powder diffraction. (See the appendix for a brief description of
XPS.)

2. RESULTS - XPS

The surface compesition of the magnesium sample 1is
summarized in Table 1. The major diifference between the two.
specimens appears to be in the thickness of the oxide layer. The

"good" specimen clearly shows both metallic and oxide :
{hydroxide?) chemical states for magnesium, indicating that the
oxide layer (presumed to be at the surface) is fairly thin,
probably of the order of 30A. The "bad” specimen, on the other
‘hand, shows only the oxide (hydroxide?) layer and no metallic
component. The oxide layer is therefore assumed to be much
thicker on the "bad" specimens, probably >1004.

The exact chemical nature of the surface can be determined
by using appropriate standards .(e.qg., Mg, Mg0, Mg(OH),, Mg CGj3,
etc.) or by exposing clean Mg to various oxidizing atmospheres
(e.g., 05, Hp0, alr, etc). These experiments can be initiated at
your request.

" 3. Results - X-ray Diffraction

In order to determine if the "bad" specimens had been
completely oxidized, we obtalned an X-ray powder diffraction
pattern of the "good"” and "bad" specimens. The diffraction
pattern for both the "good" and "bad" specimens were nearly
identical and corresgsponded to the standard pattern for metallic
magnesium. '

4. Conclusions
While the bulk composition of the "good" and "bad" specimens

is mainly magnesium metal, the "bad" specimen has a much thicker
oxide (hydroxide?) layer on its surface.




- Richard J. Colhbn, Head o " " Rfbert L.éggﬂes, Head
ture Chemietry

.S. Recommendations

N The properties of :the . "bad“ specimen ‘could: possibly be © -
improved if the oxide layer can be removed or reduced by
.appropriate chemical means. )

Advanced Surface Spectroscopy Section igh Temp
Section

6. Appeﬁdix-

X-ray Photoelectron Spectroscopy (XPS), Surface Science
Laboratory, S$Sx-100-03.

X-ray photoelectron spectroscopy'uses the principles of the
Einstein photoelectric effect to determine the binding energy of
valence and core electrons in solids. The electrons are

.photoionized by energetic monochromatic x-rays Al Ke (1486.6eV)
~and are emitted with a mean escape depth of 5-20 A. Auger

electrons also are emitted with x-ray irradiation. The technique
is capable of detecting all elements except H and He with a
detection limit between 0.1 - 1 atomic percent. Changes in the
chemical environment of the element causes a shift in the binding

. energy of the ejected electrons. These chemical shifts are of

the order of 1-10 evV. Empirical formula determinations can be
made from height and/or area determinations.
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